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ABSTRACT
SATELLITE-DERIVED FLUORESCENCE Q U A N T U M YIELDS AS
INDICATORS OF P H Y T O P L A N K T O N

PHOTOPHYSIOLOGY

by
D e b o r a h S. Goodwin
University of New Hampshire, September, 2011
Understanding and quantifying phytoplankton physiological variability is essential for
analyses of biogeochemical cycling, climate change and ecosystem processes. Satellite measurements of chlorophyll indicate phytoplankton biomass but hold minimal direct information about the organisms' photosynthetic capabilities; however, remote sensing-derived
fluorescence quantum yields have the potential for monitoring phytoplankton photophysiological states on a global scale. Recent research has demonstrated the effects of both
nutrient stress and photoacclimation on fluorescence yield. Here, a novel satellite product
comprising seven years of fluorescence quantum yields, derived from MODIS/Aqua normalized fluorescence line heights and corrected for pigment packaging effects, is evaluated and
explored. Fluorescence yields are highest during winter, decline to mid-summer minima
and increase again during autumn; winter-spring and summer-autumn transitions exhibit
different slopes at most locations. Seasonal patterns respond primarily to changes in growth
irradiance, forming a closed annual cycle. Monthly climatologies show spatial patterns associated with the annual cycle and the timing of seasonal transitions are modulated by
latitude. Across the northwest and northeast Atlantic shelf sea regions, fluorescence yields
are lower throughout the year than in the open ocean. Interannual variability is greatest
during late autumn and winter months, aligned with times of dynamic water column mixing. An empirical orthogonal function analysis of the seven year time series finds strong
seasonally-variable influences with a high degree of geographic complexity. Beyond large
spatial and temporal patterns, this new satellite product effectively captures short-term
photoacclimation events. Increases in fluorescence quantum yield coincident with the sharp
increase in water column stratification but prior to the spring chlorophyll peak were ubiqxi

uitous throughout the northern North Atlantic. During such events, phytoplankton are
first acclimating to increased growth irradiance before the population bloom. At all scales,
fluorescence yield trends compare well with an established conceptual model and are most
strongly associated with growth irradiance dynamics rather than other forcing factors (i.e.,
macro- and micro-nutrient stress and phytoplankton community composition). This thesis
provides the first synoptic quantification of seasonal and interannual phytoplankton photophysiological variability in the northern North Atlantic and demonstrates the potential of
this new product for global investigations.
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CHAPTER 1
INTRODUCTION
1.1

Fluorescence Q u a n t u m Yield (0/)

Over multiple decades of ground-breaking work on global primary productivity, nutrient
and carbon cycling, and climate change, a solution to the long-term goal of determining
phytoplankton physiological variability from space has proven elusive until only recently.
Physiological condition has been inferred in many ways, few of which can be readily applied
on a global scale; the recent works of Behrenfeld et. al. (2009) and Morrison and Goodwin
(2010) explored satellite-derived fluorescence yields as one of the first direct approaches to
measuring phytoplankton photoacclimation states. The phenomenon of chlorophyll fluorescence was discovered in the middle of the nineteenth century (Govindjee, 2004) and, after
much initial exploratory work, is now a widely used technique in the study of photosynthesis.
The quantum yield of fluorescence, 4>f, is defined as the number of photons emitted (at all
wavelengths) divided by the number of photons absorbed by the fluorescing system. In the
ocean, the fluorescing system could be an assemblage of cells, a single cell or a portion of a
cell such as Photosystem II (PSII). 4>f is strongly impacted by the efficiency of other cellular
pathways that utilize absorbed photons of light, such as the transfer of energy between
chlorophyll molecules and other pigments and the use of such energy in photosynthesis
or heat dissipation.

Regulation of these processes, with resulting consequences on the

partitioning of light energy and the fluorescence yield, allows the use of fluorescence in the
study of phytoplankton photophysiology. It is hoped that satellite-derived cf)f may offer a
comprehensive perspective on variability in algal photoacclimation which can be applied
with flexibility over large temporal and spatial scales.

1

1.2

W h y phytoplankton photophysiology?

Light is one of the most important factors impacting marine algal growth and ecological
success, and the highly variable light environment of the surface ocean presents major
challenges for phytoplankton. Within the water column, regular changes in photon flux
density occur due to seasonal and diel cycles in incident solar radiation; unpredictable
short-term fluctuations resulting from physical or weather events, such as wind- or tidedriven vertical mixing, are also common. While light is the driving force for photosynthesis,
it can also be potentially damaging, particularly under saturating conditions (Geider et.
al., 1996; Bailey and Grossman, 2008); changes in light intensity can be rapid and extreme,
therefore requiring precisely regulated photoprotective mechanisms (Niyogi, 1999).

The

photosynthetic apparatus must find a balance between harvesting sufficient light to drive
photochemistry and avoiding the potentially damaging effects of excess light absorption
(Falkowski and Raven, 2007; Eberhard et. al., 2008). Photoacclimation processes cover a
large range of temporal scales and consist of many biological modifications, from molecular
to morphological (Moore et. al., 2006).
Under natural conditions, the overall photoacclimation state of an organism represents
its continued efforts to acclimatize to the average light intensity overlaid with responses
to short-term fluctuations in irradiance (Niyogi, 1999; Garcia-Mendoza et. al., 2002). In
contrast to changes due to long-term exposure such as synthesis or degradation of cellular
elements, these more rapid responses typically involve reversible rearrangements and modifications of existing photosynthetic components (Horton et. al., 1996; Eberhard et. al.,
2008). Several studies have examined interspecies differences in photoresponses, linking the
observed changes to ecological niche partitioning or local hydrodynamics (Dimier et. al.,
2007; Dimier et. al., 2009; Kropuenske et. al., 2009) and suggesting a key role for acclimation capacity in species success. The ubiquitous nature of acclimatization capabilities and
diversity of processes and flexible molecular structures observed throughout photosynthetic
organisms suggests a strong evolutionary pressure for optimized photoprotection (Horton
and Ruban, 2005). In this work, </>/ was used to investigate phytoplankton photoacclimation
responses within the larger realm of environmental dynamics.

2

1.3

Measuring Solar Induced Chlorophyll Fluorescence

Solar induced chlorophyll fluorescence (SICF) increases the amount of water-leaving
radiance at 683 nm above what would be expected for chlorophyll-free water. As fluorescence
is a low signal, each of the sensor bands used in the calculation must have a high signal-tonoise ratio in order to detect variations in the radiances of interest. Further, the bands must
be relatively narrow to avoid absorption features in the atmosphere (Martin, 2004). The
three MODIS bands used for fluorescence line height (nFLH), 13 (665.1 nm), 14 (676.7 nm)
and 15 (746.3 nm), meet these criteria (Abbott and Letelier, 1999). The nFLH algorithm
defines a baseline underneath the expected fluorescence peak and estimates the relative
contribution to the upwelled radiance by SICF. Specifically, bands 13 and 15 from either
side of the fluorescence maximum are used to linearly interpolate a baseline and nFLH
is the intensity of upwelled radiance in band 14 above the baseline. Additional details of
nFLH algorithm assumptions, constraints, and development and validation can be found
in Abbott and Letelier (1999). As noted in both Behrenfeld et al (2009) and Morrison
and Goodwin (2010), MODIS nFLH values are calculated from normalized water leaving
radiances; the algorithm utilized to calculate cj)sat from corrected nFLH (F s a j) is detailed in
Section 2.1.
Measurement of SICF has been proposed as an alternative method for estimating chlorophyll concentration, as well as a means of determining other phytoplankton properties, because it varies as a function of physiological status (Kiefer and Reynolds, 1992; Babin et.
al., 1996). Kruskopf and Flynn (2006), Morrison and Goodwin (2010), and others refute
the use of nFLH for chlorophyll or biomass work over large spatial or temporal scales, an
interesting observation but not the focus of this project. Because water absorbs strongly
at red wavelengths, the depth from which water-leaving SICF emissions can be detected by
satellite is limited to the upper 5 m of the water column, where irradiance is also highest
(Babin et. al., 1996). One advantage of SICF measurements is that they are only produced by chlorophyll and are thus largely independent of colored dissolved organic matter
(CDOM) and non-algal particles (Letelier and Abbott, 1996). However, problems associated with accurate determination of nFLH have been identified for coastal waters with
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elevated levels of CDOM and total suspended material (Gilerson et. al., 2007; McKee et.
al., 2007; Gilerson et. al., 2008). In open ocean Case I waters, these concerns do not present
a significant problem (Behrenfeld et. al., 2009).
Nearly all of the satellite measurements taken concurrent with nFLH have established,
ongoing calibration and validation networks. This strengthens the MODIS mission as a
whole and lends additional credibility to indirect data products calculated from those that
have been proven reasonably accurate and precise. In order to validate this derived </>/ parameter, in situ measurements should be collected under comparable irradiance conditions
and at times of satellite passage - a tall order at best. Few, if any, data match-ups currently
exist for this purpose and those available certainly do not span the range of water types
and phytoplankton communities found around the world.
NASA's Aqua satellite, the source of all remote sensing data for this project, follows a
polar orbit, as do most currently operational and proposed ocean observing satellites (Martin, 2004). With an approximately north-south orbit direction, sensors on such platforms
view all latitudes, including parts of the world that are inherently difficult to access or study
in situ; although low sunlight levels render daily polar coverage irrelevant for radiometric
analyses, this capability is important for other data types. Due to its polar orbit, the conditions under which daily MODIS nFLH (and therefore by derivation 4>f) data are collected
are very consistent: at the sea surface, clear skies, close to the local noon crossing time and
under high irradiances (Esaias et. al., 1998). Currently, all satellite measurements of SICF
are taken from these high-light phytoplankton populations. Prior to the time of satellite
crossing, organisms will have had the opportunity to photoacclimate as light levels increased
towards their mid-day maximum; shorter-term adjustments for clouds or transient mixing
processes will be superimposed on the overall acclimation state. For many phytoplankton,
photoprotective processes will be at their peak around mid-day as well and are expected to
exert considerable influence on 4>f (Morrison, 2003).

4

1.4

P h y t o p l a n k t o n Physiology

Light energy absorbed by chlorophyll molecules can have one of three fates: it may be
used to drive photosynthesis through photochemical reactions, if in excess the energy can be
dissipated as heat, or it might be re-emitted as longer-wavelength light through chlorophyll
fluorescence (Falkowski and Raven, 2007). These three processes occur in competition, such
that any increase in the efficiency of one will result in a decrease in the yield of the other
two. Under optimal conditions, about 85% of the absorbed radiation is lost as heat, up to
12% is converted to chemical energy through photosynthesis, and less than 3% is re-emitted
as fluorescence (Blankenship, 2002; Govindjee, 2004).
When light is limiting, light-harvesting antenna complexes serve to orient chlorophyll
and other pigment molecules for optimal photon capture and efficient energy transfer to the
reaction centers (Falkowski and Raven, 2007). As such, antenna systems confer tremendous
benefit to photosynthetic organisms, but they also carry a significant risk. When light is in
excess, the photochemical and electron transfer and/or carbon fixation reactions are unable
to keep up with the rate of energy collection (Geider et. al., 1996); at these times, the
extra absorbed light energy must be dissipated or the accumulation of excited chlorophyll
molecules within the antenna complexes will cause substantial damage to the organism
(Blankenship, 2002). An additional constraint for oxygen-evolving organisms is the need
to balance the excitation energy distribution between the two photosystems so that both
remain approximately evenly excited (Nelson and Yocum, 2006). Fundamentally, energy
flow management in photosynthesis is one of the most complex aspects of the entire process;
regulation is most accurately viewed as a multilayered suite of responses, some of which work
to prevent damage while others scavenge the products of destructive reactions or repair
elements of the photosynthetic apparatus if earlier procedures fail. These mechanisms and
their control are based on subtle variations in fundamental properties of the chloroplast
machinery, so a brief overview of "typical" photosynthesis offers a logical place to begin.
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1.4.1

Chloroplast Structure and Photosynthesis

In eukaryotic cells, including most algae, the chloroplast encloses the stroma, in which
the soluble enzymes that utilize NADPH and ATP to convert CO2 into carbohydrates are
found (Falkowski and Raven, 2007). The thylakoids, flattened discs in interconnected stacks,
are also located within the stroma. Chloroplasts have three distinct membranes (outer, inner and thylakoid) which enclose three separate spaces: inter-membrane, stromal, and the
thylakoid (lumen) spaces (Blankenship, 2002). Most important in the discussion that follows are the thylakoid membranes, as they are the site of the oxidation-reduction reactions
that generate a proton/pH gradient; furthermore, they contain the energy-harvesting and
-converting machinery used in photosynthesis, including light-absorbing pigments, reaction
centers and electron transport chains (Nelson and Yocum, 2006). In prokaryotes, one significant difference is that the thylakoid membranes and associated protein, pigment and
transport structures are located within the cytoplasm rather than clustered in chloroplasts
(Blankenship, 2002).
Photosynthesis is commonly divided into light and dark reactions. The light reactions
couple the energy produced by the absorption of a photon with oxidation-reduction reactions
and take place within the thylakoid membrane (Falkowski and Raven, 2007). The dark
reactions (so called because they are not directly driven by light energy) are those involved
in fixing CO2 for the synthesis of carbohydrates and occur in the stroma; the dark reactions
will not be addressed here. A simple photochemical event, the transduction of light energy
into chemical energy to drive oxidation-reduction reactions, is the essence of photosynthesis.
When a photon of light enters the algal cell, it is captured by light harvesting pigments,
particularly chlorophyll-a. Chlorophylls are excellent light absorbers because of their aromatic structure, but absorb only in a portion of the visible electromagnetic spectrum (Nelson and Yocum, 2006; Baker, 2008). Most photosynthetic organisms also contain accessory
light harvesting pigments, such as other types of chlorophyll, carotenoids and phycobilins,
to increase the probability of light absorption at other wavelengths (Falkowski and Raven,
2007).
Two photosystems are found in the chloroplast, each comprised of functional arrays of
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light absorbing pigment-protein complexes. A small number of chlorophylls are associated
with a photochemical reaction center, wherein the absorbed light energy is changed into
chemical energy; the remaining chlorophyll and accessory pigment molecules serve as lightharvesting antennae (Nelson and Yocum, 2006; Eberhard et.

al., 2008).

In this role,

they absorb photons of light and transfer the energy to the reaction centers. The reaction
center chlorophyll P700 in Photosystem I (PSI) optimally absorbs photons at 700 nm while
its counterpart P680 in Photosystem II (PSII) preferentially captures light at 680 nm;
both photosystems span the thylakoid membranes of plants, algae and cyanobacteria or
the cytoplasmic membrane of photosynthetic bacteria (Blankenship, 2002; Falkowski and
Raven, 2007).
When a chlorophyll molecule in PSII absorbs a photon, one of its electrons is raised to
a higher energy level (Horton et. al., 1996; Eberhard et. al., 2008); due to the principles of
quantum mechanics, this is an all or nothing event and the energy of the photon is exactly
equal to the energy of the electronic transition (Blankenship, 2002). While in this excited
state, the electron is captured by the electron acceptor pool from which it funnels down
through an electron transport chain into PSI, where a similar excitation process occurs
(Falkowski and Raven, 2007). Under normal conditions, electrons flow from PSII via plastoquinone (PQ) to the membrane-bound cytochrome b6f protein to PSI. PSII uses light
energy to oxidize two molecules of water into one molecule of oxygen; the electrons removed
from the water molecules are transferred by an electron transport chain to ultimately reduce N A D P + to NADPH. During the electron transport process, for every four electrons
harvested from water in PSII, four protons are extracted from the stroma and released into
the thylakoid lumen, resulting in the formation of a proton gradient with a low pH in the
lumen and a high pH in the stroma (Blankenship, 2002). The reduced form of PQ, plastoquinol, generated by PSII contributes its electrons through an electron transport chain
that terminates at PSI. During these reactions, the pH gradient is increased as additional
protons are released into the lumen.
The final stage of the light reactions is enabled by PSI. When the P700 chlorophyll
molecule is excited, it passes an electron through the bound quinone (QA) to ferredoxin
(Fd), a mobile electron carrier located in the stroma (Falkowski and Raven, 2007). The
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subsequent transfer of electrons from Fd to N A D P + is catalyzed by Fd-NADP+ reductase,
a complex which accepts electrons one at a time from Fd and then transfers a hydride
to N A D P + to form NADPH (Nelson and Yocum, 2006). As this reaction takes place on
the stromal side of the thylakoid membrane, the uptake of a proton by N A D P + further
contributes to the pH gradient (Blankenship, 2002).
The proton gradient (also called the proton motive force) generated by the transport
of electrons from water to N A D P + drives the synthesis of ATP (Eberhard et. al., 2008).
Important for regulatory reasons as well, this pH gradient is possible because the thylakoid
membrane is impermeable to protons. When the chloroplast is illuminated and the above
processes active, the thylakoid lumen becomes acidic, with a pH ~ 4 , while the pH of the
stroma is around 7.5 (Blankenship, 2002).
Once PSII absorbs light and the downstream electron acceptor has accepted an excited
electron, it is not able to accept another until it has passed the first on to a subsequent
electron carrier. During this period, the reaction center is said to be "closed" (Falkowski
and Raven, 2007). At any point in time, the presence of a proportion of closed reaction
centers leads to an overall reduction in the efficiency of the photochemical reactions and to a
corresponding increase in competing processes (Kiefer and Reynolds, 1992; Morrison, 2003).
Similarly, when photosynthesis becomes saturated and excess light is absorbed, NADPH
and ATP are not made rapidly enough to dissipate the proton gradient, and the pH of
the thylakoid lumen decreases (Horton et. al., 1996). Acidification of the lumen initiates
reactions leading to photoprotection events involving modifications to the de-excitation
mechanisms of high energy chlorophyll molecules. Possible paths for this excitation energy
release include fluorescence and dissipation as heat. For any of a number of reasons, many
of the excited electrons from PSII chlorophyll are not captured by the acceptor pool and
they decay back to their ground state. Some of the energy lost during the decay process is
given off as fluorescence, the emission of a photon of light at a longer wavelength (Kiefer
and Reynolds, 1992). Although the total amount of chlorophyll fluorescence is very small,
measurement is quite easy, both in field and laboratory settings (Govindjee, 2004).
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1.4.2

Non-Photochemical Quenching

As described in Section 1.4 above, excited pigment molecules can return to their ground
state through a number of different routes, including photochemical reactions, fluorescence
and heat dissipating pathways. Those protective processes that serve to down-regulate the
transfer of energy in the light-harvesting complexes to the photosynthetic reaction centers
by means of dissipation as heat are in direct competition with fluorescence (Falkowski
and Raven, 2007). Any increase in heat dissipation causes a reduction in the fluorescence
yield, and, because heat dissipation does not drive any photochemical reactions, is therefore
termed "non-photochemical quenching" (NPQ; Muller et. al., 2001; Baker, 2008; Grouneva
et. al., 2008; Thaipratum et. al., 2009). Note for reference that fluorescence yield can
likewise be reduced by "photochemical quenching," those processes that move excitation
energy through PSII to reduce the PQ pool and drive redox reactions (Blankenship, 2002).
A subject of substantial research over the past two decades, NPQ is described in recent
publications as comprised of three components: energy- or pH-dependent quenching (qs),
state transition quenching (q^) and photoinhibitory reaction center quenching (q/) (Baker,
2008; Eberhard et. al., 2008; Ivanov et. al., 2008a; Ahn et. al., 2009). Each of these three
processes is described in more detail below. Laboratory investigations of the relaxation
kinetics of quenching mechanisms following dark incubation, as well as their responses to
various inhibitors, have offered the primary evidence for this partitioning (Richter et. al.,
1999; Bukhov et. al., 2001; Muller et. al., 2001) but quantification and interpretation of
their relative influences must be done cautiously as environmental conditions can modify
specific responses. Roughly, q# relaxes within a few minutes, followed by q r in 5 - 10
minutes, then qj on a timescale of hours (Horton and Ruban, 2005). Under moderate to
saturating light conditions, q# is generally the major and most effective component of NPQ
due to its fast induction and relaxation kinetics (Niyogi, 1999; Horton and Ruban, 2005).
The process of q/ becomes important when light levels exceed that needed to saturate
photosynthesis or other environmental conditions impose additional stressors (Nelson and
Yocum, 2006; Baker, 2008). In higher plants, qr is significant only at low light levels;
however, this quenching mechanism is believed to play a greater role in algae (Allen, 2003;
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Finazzi, 2005; Ahn et. al., 2008; Bailey and Grossman, 2008).

Energy- or p H - D e p e n d e n t Quenching (q#)
During extended times of exposure to intense irradiance, photosynthetic organisms will
have a significant excess of light energy available; here the issue is less of a matter of energy
redistribution between the photosystems but rather disposal of the extra energy in PSII
to prevent photodamage (Ragni et. al., 2008). The pH-dependent, rapidly-inducible and
highly-tunable antenna quenching component of NPQ, q#, is responsible for this energy
dissipation (Richter et. al., 1999; Muller et. al., 2001; Huner et. al., 2005). During the past
decade, our understanding of q^, also often referred to as "xanthophyll cycling," has been
greatly advanced (Lavaud et. al., 2003; Szabo et. al., 2005; Dimier et. al., 2007a; Dimier et.
al., 2009). The key molecular elements responsible for q# are pigments of the xanthophyll
cycle, the PSII S subunit protein (PsbS), and components of the mobile light-harvesting
complex (LHCII; Li et. al., 2000; Muller et. al., 2001; Bonente et. al., 2008; Goss et. al.,
2008; Thaipratum et. al., 2009).
Present in higher plants and some algae, the xanthophyll cycle involves the conversion of
the epoxide-containing carotenoid violaxanthin (V) to the energy-quenching, non-epoxidecontaining carotenoid zeaxanthin (Z) (Horton et. al., 1996; Eberhard et. al., 2008). The
most abundant xanthophyll pigment in the thylakoid membrane is lutein, but /3-carotenederived V is also present (Falkowski and Raven, 2007). Under normal growth conditions,
these pigments are associated with the inner light-harvesting antenna complexes of PSII,
particularly LHCII, where a special binding site for V exists (Goss et al, 2008). The spatial
distribution of the carotenoid pigments within the antenna complex is believed important
for their function in NPQ.
Excessive irradiance leads to a rapid decrease in pH within the thylakoid lumen, which in
turn triggers protonation of PSII proteins and then the xanthophyll cycle (Demmig-Adams
and Adams, 1996). The enzyme violaxanthin de-epoxidase (VDE) has an optimum pH of
5.2; when this critical threshold is passed as the transmembrane proton gradient builds, VDE
catalyzes the de-epoxidization of V step-wise to antheraxanthin (A) and then Z (Niyogi,
1999; Goss et. al., 2008). Upon returning to normal growth irradiance, Z is converted
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back to V via the zeaxanthin epoxidase enzyme, a relatively slow process (Horton et. al.,
1996; Thaipratum et. al., 2009). NPQ state has been correlated with increased amounts
of Z (Demmig-Adams and Adams, 1996; Johnson et. al., 2008); whether this correlation is
observed because Z itself is quenching the excited chlorophyll molecules, or if it is one of
several related effects, is an issue not yet fully resolved.
A plausible mechanism has been proposed that explains how Z could by itself quench
more effectively than V (Frank et. al., 1994). All carotenoids are able to dissipate excitation
energy by rapid internal conversion, but only those with a large number (>10) of conjugated
carbon-carbon double bonds have an excited singlet state at an energy level low enough to
accept energy from an excited chlorophyll molecule (Johnson et. al., 2008). When Z is
de-epoxidized, the molecule's conjugated electron system is extended by two double bonds
from nine to eleven, effectively lowering the pigment's excited state energy (Szabo et. al.,
2005). Estimates are that this structural change shifts the molecule's excited energy level
from slightly higher than that of excited chlorophyll in V to slightly lower in Z, with the
result that Z becomes an energy sink (Muller et. al., 2001). Although Z's ability to quench
chlorophyll excitation directly has been clearly demonstrated, such a simple and direct
mechanism is likely not the whole story and other, not mutually exclusive, options have
been proposed (Niyogi, 1999; Szabo et. al., 2005).
Beyond the xanthophyll pigments, q.g has also been associated with the PSII thylakoid
polypeptide, PsbS, and the aggregation and conformational change of LHCII (Wentworth et.
al., 2000; Horton et. al., 2005; Demmig-Adams et. al., 2006; Ahn et. al., 2008; Bonenete
et. al., 2008). Several properties of PsbS seem to be important for q^, particularly its
eight acidic amino-acid residues on the lumenal side, two of which enable PsbS to sense
changes in the lumen proton gradient and trigger q^ (Li et. al., 2000). Some experiments
on mutant strains indicate that if PsbS is altered at either of these sites, detection of the
proton gradient and q_e do not proceed (Li et. al., 2000; Crouchman et. al., 2006) while
other investigations indicate different proteins may be similarly important (Wentworth et.
al., 2000; Ahn et. al., 2008; Bonente et. al., 2008).
Remaining questions include the role of PsbS protonation in Z binding to the protein
and if protonation of the PsbS-Z complex induces a conformational rearrangement and
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allows Z to directly quench chlorophyll excitation (Szabo et. al., 2005 Eberhard et. al.,
2008). It has been suggested that PsbS helps bring activated Z closer spatially to the
excited chlorophyll, facilitating the creation of the chlorophyll-Z dimer complex wherein
the direct quenching is believed to occur through charge transfer (Li et. al., 2000; Ahn et.
al., 2008). In other models, PsbS may bind to Z, then change shape and associate with
LHCII, after which quenching may take place (Horton et. al., 2005). Finally, a mechanism
by which PsbS functions in q# independent of xanthophyll pigments has also been proposed
(Crouchman et. al., 2006), although the magnitude of this effect is unclear. Substantial
debate continues regarding which q# process is correct, but perhaps more importantly,
experimental evidence suggests that multiple molecular mechanisms may operate together
to result in q#, depending on the species or environmental conditions.

S t a t e Transitions ( q r )
Photosynthetic organisms can balance the distribution of absorbed light energy between
PSI and PSII by changing the relative sizes of the antennae associated with each photosystem, ensuring maximum efficiency for photosynthetic electron transport in changing light
environments. (Finazzi, 2005; Mullineaux and Emlyn-Jones, 2005). This process involves
the short-term and reversible movement of polypeptides from the LHCII antenna between
reaction centers (Wollman, 2001; Allen, 2003; Takahashi et. al., 2006), termed "state transitions." State 1 is induced by preferential excitation of PSI and state 2 the complement,
or when the chemical balance between incoming irradiation and the dissipative capacity of
carbon assimilation has broken down (Eberhard et. al., 2008). State transitions are easily
monitored using laboratory fluorescence techniques because the spectral properties of the
two states are slightly different (Muller et. al., 2001; Bellafiore et. al., 2005: Thaipratum
et. al., 2009).
When the P Q pool is over-reduced due to excessive light and PSII experiences greater
amounts of excitation compared to PSI, a transition to state 2 is induced and more absorbed
energy is diverted to PSI (Eberhard et. al., 2008; Thaipratum et. al., 2009). Reduction of
the PQ pool activates a thylakoid-bound protein kinase that phosphorylates regions of the
LHCII and other proteins in the PSII complex (Bellafiore et. al., 2005). Phosphorylated
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LHCII then migrates laterally to the PSI-enriched portion of the chloroplast (Wollman,
2001; Takahashi et.

al., 2006). The kinase is deactivated in the dark or when PSI is

predominantly illuminated, conditions in which the P Q pool is more oxidized; at this point,
the LHCII is dephosphorylated by a light-independent phosphatase protein (Wollman, 2001;
Bellafiore et. al., 2005; Finazzi, 2005).
Since the light harvesting antennae of PSI and PSII have distinct absorption spectra,
changes in the spectral composition of the incident light affects the relative excitation of
the two photosystems; state transitions are most often associated with the redistribution
of light energy to maximize photosynthetic efficiency under low light conditions (Muller et.
al., 2001; Mullineaux and Emlyn-Jones, 2005; Nelson and Yocum, 2006). However, if cells
enter state 2 at very high light intensities, the same process could serve to decrease the
rate of PSII photodamage by reducing the antenna size (Allen, 2003; Finazzi, 2005; Petrou
et. al., 2008). Concurrently, the high reduction state of the chloroplast induces an increase
in cyclic electron transport around PSI, providing the supply of ATP necessary for PSII
repair processes (Wollman, 2001; Thaipratum et. al., 2009). Because the fluorescence yield
of PSII diminishes during state transition due to antenna size reduction, qy is considered a
component of NPQ (Szabo et. al., 2005).
In many higher plant species, the quenching extent of qr is usually much less than that
of q£ and q/, and it is thus not considered to play an important role in photoprotection
(Niyogi, 1999; Muller et.

al., 2001; Eberhard et.

al., 2008).

However, in many algal

species, the contribution of q? to the total N P Q is significant (Garcia-Mendoza et. al.,
2002; Bellafiore et. al., 2005; Finazzi, 2005; Thaipratum et. al., 2009).

R e a c t i o n Center Quenching (q/)
In addition to non-photochemical antenna quenching (q^ and q r ) processes, the conversion of photochemically-active closed PSII reaction centers into photochemically-inactive
ones has been proposed as the sustained and slowest component of NPQ, qj, although the
exact molecular and thermodynamic steps involved are as yet not confirmed (Richter et.
al., 1999; discussed in greater detail in Ivanov et. al., 2008b). At times of non-stressful irradiance, most of the energy from excited chlorophyll molecules is used at the reaction center
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to drive electron transport (Ivanov et. al., 2008a). However, under prolonged and severe
light stress, high energy chlorophyll formation exceeds the rate of its conversion in PSII and
increased levels of triplet excited state chlorophyll molecules accumulate in the antenna; as
a result, formation of reactive oxygen species (ROS) is more likely (Niyogi, 1999; Szabo et.
al., 2005). ROS are known to cause oxidative damage to pigments and thylakoid membrane
proteins, thus reducing photosynthetic efficiency (Eberhard et. al., 2008).
Photoinactivation as theoretically mediated by q/ can be either rapidly reversible or
marked by irreversible damage to core PSII reaction center proteins, requiring synthesis
of new proteins for repair (Ivanov et. al., 2008a). Down-regulated PSII core complexes
still contain pigment molecules and may further damage the photosynthetic apparatus if
their absorbed light energy is not otherwise dissipated (Huner et. al., 2005). The PSII
repair cycle involves coordinated regulation of degradation and synthesis of the D l protein
(Sun et. al., 2006; Falkowski and Raven, 2007). When the supply of newly synthesized
D l protein is insufficient, such as under high light conditions, degradation also slows down
and nonfunctional PSII reaction centers accumulate in the thylakoid membranes (to date,
observations made only in higher plants; Matsubara and Chow, 2005). Reductions in repair
rate may also occur from accumulating ROS; in cyanobacteria, these destructive molecules
were observed to inhibit PSII repair more so than directly damaging the reaction centers
(Ragni et.

al., 2008). Through q/, PSII complexes efficiently and harmlessly dissipate

excitation energy; further, they may serve to protect and preserve their still-functional
neighboring reaction centers by removing excess excitation energy (Matsubara and Chow,
2005; Sun et. al., 2006).
Mechanistically, PSII reaction centers in their dimer form may convert to a monomer
structure under high light and lower fluorescence activity, perhaps protecting key PSII
proteins (Kruse, 1997; Nelson and Yocum, 2006). More recent studies demonstrated that
damaged reaction centers function as strong quenchers of excess energy via charge recombination within the reaction center (Matsubara and Chow 2004; Sun et. al., 2006). This
process appears to increase with the severity of photoinactivation (Ivanov et al, 2008b).
Using thermoluminescence, Huner et. al. (2005) found that environmental factors such as
high light and low temperatures result in an increase in the reduced QA pool in a vari14

ety of species (including algae), thereby raising excitation pressure at PSII. They proposed
non-radiative P680-QA radical pair recombination within the PSII reaction center as a
mechanism for qj, concurring with Matsubara and Chow (2004) and Sun et. al. (2006)
while noting that species differences were observed. Sane et. al. (2002) identified a similar charge recombination process in Synechococcus and suggest this as an important NPQ
mechanism in cyanobacteria as antenna and xanthophyll cycle quenching are not present.
An additional interpretation of qj involves downregulation that is less associated with
damage and repair of D l proteins but instead invokes a coupling/decoupling of PSII antennae - reaction center pairs (M. J. Behrenfeld, personal communication, 2009). Irregardless
of the precise mechanism, reaction center and antenna quenching are complementary processes that probably function to photoprotect PSII to different extents depending on the
species as well as the environmental conditions to which the organism is exposed (Bukhov
et. al., 2001; Szabo et. al., 2005; Eberhard et. al., 2008; Ivanov et. al., 2008b). Perhaps
more importantly, q/, like qg, may not be an effect of excess light stress as initially thought,
but rather an adaptive response to it (Ivanov et. al., 2008a).

1.4.3

Taxonomic Differences in Non-Photochemical Quenching

Although NPQ can be observed among photosynthetic organisms ranging from cyanobacteria to higher plants, its fundamental mechanisms appear to vary among species. Specifically for phytoplankton, one might speculate that excess photochemical capacity is reflective
of the hydrographic regime to which different species are best adapted. That is, photoacclimation inevitably involves trade-offs and thus ecological strategies probably exist. As the
substantial number of developments in this field that have been made within the last decade
demonstrate, further investigations of NPQ across a diversity of organisms will only broaden
our current understanding of the molecular activity and regulation of these processes. It is
also worth noting that few, if any, studies involve natural phytoplankton samples or measurements from field settings; while related methodologies are complex, this would surely
prove a valuable research direction.
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Diatoms
Diatoms often dominate the phytoplankton community in turbulent and nutrient-rich
waters, where vertical mixing continuously exposes them to large fluctuations in light intensity (Lavaud et. al., 2003). These phytoplankton must also be able to survive long periods
of darkness when carried down by deep mixing as well as short periods of full sunlight when
they hit the surface. The wide variety of environmental niches inhabited by diatoms is often
associated to their high level of morphological, ecological and molecular diversity (Strzepek
and Harrison, 2004).
Much like in higher plants and other types of phytoplankton, q_e is considered the dominant form of NPQ in diatoms at oversaturating irradiances (Dimier et. al., 2009). However,
in chlorophyll-c containing algae, such as diatoms, dinoflagellates and prymnesiophytes, the
photoprotective cycle has been shown to involve the conversion of diadinoxanthin (Dd) into
the de-epoxidized diatoxanthin (Dt), even though V, A and Z pigments were present in low
quantities (Lavaud et. al., 2002; Dimier et. al., 2007a; Grouneva et. al., 2008). The Dd
to Dt conversion was a one-step reaction, equivalent to the second step of the xanthophyll
cycle (A to Z) (Lavaud et. al., 2002; Lavaud et. al., 2003). By increasing of the size of
their Dd pool under intermittent and intense irradiances, diatoms were able regulate their
capacity for q^ without significantly changing their light harvesting when light conditions
were limiting (Lavaud et. al., 2003; Grouneva et. al., 2008). Minimal changes in the concentrations of V, A and Z were observed across experimental timescales during which the
Dd-Dt cycle was in action, demonstrating that these pigments had no direct function in
diatom energy dissipation (Lavaud et. al., 2003; Dimier et. al., 2007a).
Lavaud et. al. (2002) also suggested that the predominant NPQ in diatoms behaved a
bit differently from that observed in plants, with a larger overall magnitude of quenching
and much slower relaxation kinetics.

They attributed these variations to the fact that

diatom light-harvesting complexes bind different carotenoids and chlorophylls and do not
have PsbS proteins. Additionally, Horton and Ruban (2005) hypothesized that the slow
relaxation of diatom q# may be due to the highly stable state attained by LHCII when Dt
is present, such that the gradual process of de-epoxidation is actually responsible for the
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reversal of quenching. Recent work by Grouneva et. al. (2008) offered a multicomponent
qE mechanism in diatoms, presenting laboratory evidence of three processes operating with
different induction and relaxation kinetics yet all dependent on the content and formation
of Dt within the cell. Experimental results also supported the idea of a cyclic electron flow
around PSII as an additional photoprotective mechanism, serving to slow both acceptorand donor-side photoinhibition (Lavaud et. al., 2002). Overall, diatom q^ can be attributed
to either a stronger quenching mechanism than observed in other species or a larger number
of quenching sites within the photosynthetic apparatus; currently, data does not exist to
distinguish these potential causes. Furthermore, a wide variety of photoresponses have
been observed across different diatom species and these subtle differences in short-term
acclimation capability are likely important factors in productivity in turbulent ecosystems
and species succession (Strzepek and Harrison, 2004; Dimier et. al., 2007a; Dimier et. al.,
2009).

Cyanobacteria
Cyanobacteria, found mostly in the open ocean regions of the world's oceans, contribute
significantly to global primary production (Falkowski and Raven, 2007). They experience
not only a rapidly shifting light environment, but also oligotrophic conditions in the upper
water column with often low levels of nutrients and iron. Low concentrations of nitrogen
and phosphorus can be limiting for growth and carbon fixation; reduced iron availability
may limit the biosynthesis and maintenance of photosynthetic components, in particular
cyanobacterial PSI which contains 12 molecules of iron per monomer (Bailey and Grossman,
2008).
The photosynthetic apparatus in cyanobacteria is comparable to that found in eukaryotic thylakoids in many respects (ie. activity, redox potentials, polypeptide composition),
particularly for the PSI and PSII reaction centers (Wilson et. al., 2006). However, the structure and composition of the PSII light-harvesting antenna is quite different. Cyanobacteria
do not contain LHCII but rather the phycobilisome (PBS) complex which is attached to
the outer surface of the thylakoid membrane (Blankenship, 2002; Bailey and Grossman,
2008). Forming the core and radiating elements of a PBS are phycobiliproteins, including
17

allophycocyanin, phycocyanin and phycoerythrin (Kirilovsky, 2007); from a membrane protein at the center of the PBS, absorbed excitation energy is transferred to reaction center
chlorophylls and to PSI (Berera et. al., 2009).
State transitions that serve to redistribute the PBS antenna between reaction centers
are considered the major means of regulating the utilization of absorbed light energy. As in
other species, qr in cyanobacteria is induced by changes in the redox state of the PQ pool
(Wollman, 2001; Mullineaux and Emlyn-Jones, 2005). However, qr here can change the
relative energy transfer from PBS to PSI and PSII, as well as the distribution of chlorophyllabsorbed energy. PBS are highly mobile and can rapidly associate with or dissociate from
PSII (Bailey and Grossman, 2008); with its low specificity for thylakoid membrane proteins,
PBS exhibits significant flexibility in its interactions with reaction centers, thus affording
the cyanobacteria a range of energy distribution scenarios that may be beneficial under
both low and high light conditions (Mullineaux and Emlyn-Jones, 2005).
It was long believed that cyanobacteria did not utilize NPQ (apart from qj-, which in
the literature appears not to have been counted as NPQ) as a photoprotective mechanism
because they did not contain the antenna structures, LCHII-related and PsbS proteins,
and xanthophyll pigments known in higher plants and green algae to be responsible for
q£. Recently, though, a number of authors have described NPQ mechanisms mediated
by the PBS and other cyanobacteria-specific components of the photosynthetic apparatus
(Wilson et. al., 2006; Bailey and Grossman, 2008; Berera et. al., 2009); work in this field
was reviewed in greater detail by Kirilovksy (2007). In cyanobacteria, unlike higher plants,
PBS antenna-related NPQ is not dependent on the presence of a thylakoid membrane pH
gradient (Wilson et. al., 2006). The induction of quenching also seems to be independent
of the excitation pressure on PSII, temperature, or the redox state of the PQ pool (Bailey
and Grossman, 2008; Berera et. al., 2009). Rather, the Orange-Carotenoid-Protein (OCP)
appears to be the key player in fluorescence quenching, which is generally induced by blue
light (Wilson et. al., 2006; Kirilovsky, 2007). The OCP mechanism is believed to dissipate excess absorbed energy, thereby decreasing the amount arriving at the photochemical
reaction centers; it has been hypothesized that the OCP carotenoid senses the change in
light level, is activated, and then mediates a change in the PBS structure that leads to a
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quenched state (Wilson et. al., 2006). The mechanistic details of this process are discussed
further in Bailey and Grossman (2008).
Under iron-limited growth conditions, cyanobacterial antenna quenching via the OCP
becomes an even more important means of managing absorbed excitation energy. When
iron availability is low and the biosynthesis of PSI diminished, some cyanobacteria produce
a chlorophyll-binding antenna polypeptide (IsiA) that forms a ring around PSI and increases
both light-harvesting capacity and turnover rate (Bailey and Grossman, 2008; Berera et.
al., 2009). Furthermore, at these times, organisms have been observed to switch from using
state transitions as the predominant photoprotective mechanism to antenna quenching at
PSII, all in an effort to preserve as many functional PSI reaction centers as possible and
reduce the need for additional iron in repair processes (Kirilovsky, 2007).

Other Species-specific E x a m p l e s
Work by Ragni et. al. (2008) offers a perspective on coccolithorphorid photoresponses
under exposure to high light, specifically those of Emiliania

huxleyi.

In their trials, E.

huxleyi experienced PSII photodamage only at irradiances comparable to or above those
typical of the surface ocean on a clear, sunny day; this finding was aligned with the ecological
niche of the species, which typically blooms in high light environments. The authors also
noted a relatively constant level of NPQ over the stress period and interpreted this as
indicating the active dissipation mechanism was sufficient to balance the requirements for
photoprotection although xanthophyll pigment synthesis was ongoing at a considerable rate
at the same time. A dynamic balance between creation and conversion of xanthophyll cycle
pigments may actually occur, rather than the simple chemical modification of the existing
pigment pool.
The influence of nutrient limitation on NPQ was examined in cultures of the chlorophyte
Dunaliella tertiolecta (Petrou et. al., 2008). Following phosphate starvation, these algae
exhibited multiple fluorescence quenching processes, including qy, interpreted as providing
the nutrient-deficient cell with metabolic energy for inorganic phosphate uptake, and qE,
enabling photodamage avoidance during nutrient uptake. The authors also observed that
an increased energy demand for inorganic phosphate induced photoprotective responses
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in these cells, even when light conditions were unchanged. They conclude that qr is the
preferred pathway of energy dissipation when resources are sufficient, while under nutrient
stress D. tertiolecta needs to dissipate energy much more rapidly and cells adopt the faster
qE at these times.
Taking an alternative approach to exploring species differences in photoprotective strategies and spatial distribution, culture experiments were conducted on representative phytoplankton species from the Ross Sea, Antarctica (Kropuenske et. al., 2009).

Phaeocystis

antarctica (the first haptophyte studied on this issue), which dominated deep mixed layers, and Fragilariopsis cylindrus, a diatom commonly found in areas with shallower mixing,
were grown under a common series of irradiance regimes. Kropuenske et. al. (2009) summarized their findings as showing that both species rely on q# to maintain photosynthetic
performance, but only P. antarctica engaged in substantial photorepair (measured through
protein synthesis). Further, the haptophyte exhibited NPQ only when exposed to light levels in excess of their mean growth irradiance while diatom cultures began photoprotective
responses at lower irradiance and their processes operated throughout exponential growth
even under conditions to which cells were well-acclimated. The authors concluded that the
species-specific strategies observed in their experiments explain why these two phytoplankton types inhabited their respective ecological zones and reflected evolutionary adaptations
to different hydrographic regimes.
Picoplankton (cell size <3/im) are important contributors to the phytoplankton community in many oceanic systems - highlighting their capacity to adapt to different environmental conditions - but very few studies have been conducted regarding their photophysiology.
Dimier et. al. (2007b) offered an initial look at the NPQ responses in Picochlorum RCC237,
a green alga whose xanthophyll cycle characteristics have been presumed as similar to that
observed in higher plants. However, the authors noted that the species' small cell size,
low sinking rate and pigment packaging effect may lead it to be more sensitive to light
than larger cells; they warned that generalizing between this and other strains or species
of picoeukaryotes should be done with caution but comparisons would likely be interesting.
Dimier et. al. (2007b) found that Picochlorum was well-adapted to the high and variable
irradiances typical of surface ocean waters and acclimated readily to a wide range of light
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conditions. It exhibited rapid recovery of PSII properties under low light and activated
qE more quickly than other green algae, but only during increasing or stressful irradiances
(unlike diatoms). Binding of Z to PsbS maintained q# in these green algae, facilitating a
more rapidly reversible NPQ than in those species reliant on de-epoxidation and perhaps
offering an ecological advantage.
A number of questions emerge from these studies, including those concerning the validity of photoprotective results under laboratory experimental conditions which can never
mimic the natural dynamics of upper water column, as well as issues of the energetic cost of
photoprotection, nutrient stressors and ecological niche adaptation. Continued work should
offer greater insights into the controlling factors and larger implications of taxonomicallyvariable NPQ. From a wider perspective, results like those described above may support
the development and the improvement of mechanistic models of phytoplankton growth and
global primary productivity that include parameterizations of photoacclimation, photodamage and spatial variability in photosynthetic processes.

1.4.4

O t h e r P r o c e s s e s I n f l u e n c i n g <f>f

4>f can be described as the result of competition for excitation energy among several
decay pathways and is therefore parameterized as a sum of these processes. As noted previously, NPQ only explains a portion of the total fluorescence quenching, and that amount
is variable depending on environmental and physiological conditions. If the NPQ fraction
decreases, other types of reactions must be occurring; increases or modifications to either
photochemical quenching or constitutive thermal processes would be expected.
In the context of picoplankton photoprotective strategies for high-light, low-nutrient
environments and alternative photochemical reactions, one possible explanation is provided
by Mackey et. al. (2008). With natural phytoplankton samples from the Hawaiian Ocean
Time-series site in the Pacific Ocean and the Bermuda Atlantic Time-series Study station in
the Atlantic Ocean (both populations dominated by Prochlorococcus), the authors observed
that although midday photoinhibition was present, PSII photochemical efficiency and CO2
fixation were not concurrently depressed. In fact, CO2 fixation rates saturated at much
lower irradiances, indicating that electron flow through PSII at higher light levels must be
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used to reduce an electron acceptor other than CO2. This conclusion was also supported
in laboratory experiments by Bailey et. al. (2008). Both groups suggested that open ocean
picoplankton preserve PSII activity by diverting electrons from the PSI complex-mediated
carbon assimilation to oxygen through the plastiquinol terminal oxidase (or a very similar
enzyme, definite attribution was not possible), which used electrons from the P Q pool to
reduce oxygen and regenerate water.

In this so called "water-water cycle," substantial

amounts of light energy were re-routed away from carbon fixation through photosynthesis
while at the same time reducing PSII excitation pressure, preserving iron-rich complexes,
and maintaining the transmembrane proton gradient essential for ATP synthesis.

The

ultimate consequence, though, is removal of less CO2 from the atmosphere than might have
previously been thought (Bailey et. al., 2008; Mackey et. al., 2008). Because the waterwater cycle, previously described as a photoprotective measure in Ort and Baker (2002),
transfers excitation energy through the PSII reaction center to PQ, it fulfills the definition
of photochemical quenching; as such, activation of this process would result in a decrease
in NPQ and fluorescence yield.
Some picoplankton can balance the absorption and utilization of excess excitation energy
by developing valves that rapidly extract electrons from portions of the photosynthetic
electron transport chain (Bailey and Grossman, 2008); this would likely be considered a type
of photochemical quenching. If cyclic electron flow around PSII was invoked under stress
conditions (separate from the cyclic flow that normally takes place at PSI), it too would
increase photochemical quenching as electrons are still passed through the reaction center
and cytochrome proteins (Miyake and Okamura, 2003). Physiological stress resulting from
cold temperatures depresses PSII quantum efficiency, and as a result, NPQ measured under
these conditions would underestimate the amount of quenching actually taking place (Logan
et. al., 2007); rarely would this be an issue for phytoplankton, as generally temperature
variations in the surface ocean are slow to occur and species are well-adapted to their
local environment. However, sudden deep upwelling or mixing events might cause transient
temperature effects.
In certain marine environments, sustained thermal dissipation processes might be energetically more effective than mechanisms that are continually started and stopped. In
22

this scenario, if one were attempting to capture important dynamics of NPQ by monitoring
changes in its magnitude, such background activity would not necessarily be evident in the
data and could be missed or attributed elsewhere. Finally, changes in phytoplankton community assemblage will invoke taxomomic effects, wherein different species may respond to
changing light levels with different strategies, thus resulting in fluorescence quantum yield
dynamics that could be misinterpreted as due to other influences.
The potential effects of nutrients on phytoplankton physiological state cannot be overlooked when considering possible underlying mechanisms for changes in solar induced fluorescence quantum yield. As described in Behrenfeld et. al. (2009) and observed in their
global data sets, iron stress contributes to elevated fluorescence yields. Under low iron conditions, phytoplankton increase the number of PSII reaction centers present in the chloroplasts
(Strzepek and Harrison, 2004), with the ultimate effect of increasing fluorescence emissions
as monitored by satellite. When macronutrients are abundant but iron limiting, cells may
increase the number of antenna complexes relative to reaction centers, also resulting in an
increase in fluorescence yield (Behrenfeld et. al., 2009). Macronutrient stress may cause a
decline in fluorescence emissions as PSII reaction centers are inactivated, but, as with iron
limitation effects, the global spatial patterns are not entirely consistent. Using different
methods, Schallenberg et. al. (2008) observed higher fluorescence yields during times of
nutrient stress in the Bering Sea. Certainly, the role of nutrients in photoacclimation will
continue to be an important area of questioning; improved global estimates of both macroand micronutrient levels will be essential to understanding these relationships on a global
scale.

1.5

Conceptual Model of <fif

Morrison (2003) developed a conceptual model of (frf that has since been utilized and
slightly modified by several other authors (Huot et.

al., 2005; Comeau et.

al., 2008;

Schallenberg et. al., 2008). The version examined in the context of this thesis is that of
Morrison and Goodwin (2010) and differs from the original only by the removal of a term
representing a constant fraction of undamaged reaction centers at high irradiance that was
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found to not significantly impact the resulting relationships (Schallenberg et. al., 2008).
Morrison and Goodwin (2010) summarized the physiological basis for <j>j as:
4>f = JQl * <JE) {<t>fminA + 4>fmaxil
NPQ

- A))

(1.1)

PQ

where q/ is the degree of PSII downregulation, q# the energy dependent quenching

(e~E°'ET),

i'fmin the minimum fluorescence quantum yield, <f>fmax the maximum fluorescence quantum
yield, and A the fraction of open PSII reaction centers (e~E°^Ek).

In the relevant subequa-

tions, E 0 is the scalar incident irradiance, E T describes the fast-acting component of NPQ,
and Efc is the primary production saturation parameter that varies with the maximum
turnover rate (1/rpsn)

and inversely with the absorption cross section of PSII

(upsn)-

As light levels increase, A decreases and <j>f increases, due to relaxation of PQ, up to a
maximum controlled by E^ (Kiefer and Reynolds, 1992). As irradiances intensify further,
NPQ increases and, in turn, (f>f decreases (Figure 1-1).
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F i g u r e 1-1: Morrison and Goodwin (2010) conceptual model of fluorescence quantum yield
(<£/)• Both plots show the effects of photochemical quenching (qp) at lower light levels and
non-photochemical quenching (q;v here, NPQ in the text) at higher irradiances. A) Varying
levels of photoinhibition as indicated by the numbers at left (1 being no inhibition and 0
being maximal). B) At higher irradiances, varying photoacclimation states modeled by
decreasing the absorption cross section of PSII by a factor of two from low to high light
acclimated conditions (after Behrenfeld et. al., 2008). Changes in 4>f that track along the
modeled lines in B approximate a stable photoacclimational state during gradual changes
in light conditions; crossing of modeled r/>/-irradiance lines (arrow in B) reflects changes in
photoacclimational state between low and high light conditions.
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Modeled (/>/-irradiance patterns suggest increased (/>/ values as phytoplankton adapt from
low light to high light acclimated states at a given irradiance level Gradually decreasing
cf>f with increasing iPAR is associated with rapid energy-dependent quenching (q#) via
the xanthophyll cycle and regulation of a chlorophyll-binding protein (Blankenship, 2002,
Dimier et al , 2009) Subsequent increases m <f>f with increasing incident Photosynthetically
Available Radiation (iPAR) are due to photoacclimation, while decreased (f>f under most
intense light conditions is expected due to photoprotective processes with longer relaxation
times that prompt PSII reaction center quenching and downregulation (q/)

1.6

W h y satellite-derived 4>f now?

The past and current suite of NASA satellite technologies has enabled scientists to visualize and explore global chlorophyll (and hence phytoplankton) patterns m space and
time, resulting m new insights into how ocean physics, chemistry and biology are coupled
Presently, regional and global satellite-based models of ocean primary productivity and
carbon cycling are driven by remote sensing-derived estimates of chlorophyll concentration
and/or phytoplankton carbon biomass (Behrenfeld et
and others referenced therein)

a l , 2005, Westberry et

al , 2008,

Increased understanding of algal physiological responses

to photosynthesis forcing factors (including light, nutrient status and water column structure) will help decrease uncertainties in future ocean primary production estimates Recent
priority science questions withm the ocean color community at large have listed improved
quantification of global productivity, biomass and carbon fluxes as well as active assessment
of plant physiology and environmental variability of the surface ocean, including the depth
of the mixed layer, among their mam research focus areas The work presented here aligns
well with these objectives and is unique m its perspective as no-one else has yet critically
examined the new MODIS-derived 4>f product
Morrison and Goodwin (2010) recently analyzed the seasonal pattern of satellite-derived
4>f m coastal waters of the Gulf of Maine in light of a variety of potential physiological mechanisms, including photoacclimation and iron/macronutrient stress In annual climatologies,
increasing iPAR corresponded to decreasing (j)f values, providing evidence of NPQ, compari-
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son with model-generated lines representative of different photoacclimation states indicated
that algae adjusted to higher growth irradiance (I s , defined further in Chapter Two) levels.
In their first analysis of seasonal <f>f patterns, effects of iron and macronutrient stress in
the Gulf of Maine were not found. Before these observations may be extrapolated to larger
regions of the world's oceans, additional environments, especially those offshore, must be
examined. Furthermore, few previous studies have considered <fif over long time periods or
large spatial scales.
By measuring the SICF signal, satellite radiometers may provide unprecedented information in synoptic images staged to enhance understanding of algal processes in the global
surface ocean. However, the optimal utilization of these resources will depend on our ability to interpret the observations correctly, and, arguably, the quantitative and qualitative
frameworks within which to begin examining variability in phytoplankton fluorescence are
not well established. Fundamentally, any observed spatial patterns and temporal dynamics
in existing satellite-derived <f>ffieldsmust be assessed for genuine and realistic variability
or environmental/instrumental biases.

1.7

Research Objectives

The underlying goal of this dissertation was to assess the applicability of <f>f to exploring
the dynamics of phytoplankton photoacclimation responses to variations in total lg. Four
areas of focus were identified; each will be addressed in a subsequent chapter.

Objective One: Engage in the process of developing and evaluating a new MODISderived 4>sat product (Chapter Two).

Objective Two: Determine annual trends and spatial patterns of seasonal variability in
(f>sat using monthly climatologies for the North Atlantic basin (Chapter Three).

Objective Three: Examine interannual variability in (f>sat using monthly composite data
from a suite of selected locations in the North Atlantic (Chapter Four).
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Objective Four: Investigate the timing of changes in (f>sat with respect to the North
Atlantic spring phytoplankton bloom (Chapter Five).

Project conclusions and suggestions for future analyses are offered in Chapter Six.
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CHAPTER 2
DATA P R O C E S S I N G A N D EVALUATION
The first objective of this project was generation and preliminary evaluation of the
new satellite-derived phytoplankton fluorescence quantum yield product of global scale and
archive extent. Chapter Two serves to summarize the data acquisition, processing and quality control procedures employed that apply across all subsequent chapters. Any ancillary
data or methods utilized in a single investigation are described in the relevant chapter.

2.1

Derivation of Solar Induced 4>sat

Multiple publications have documented the derivation of (j>f from satellite SICF measurements (Huot et. al., 2005; Behrenfeld et. al., 2009; Morrison and Goodwin, 2010).
NASA's Ocean Biology Processing Group (OBPG) implemented a global, multi-year evaluation product (4>sat) during the recent MODIS reprocessing effort using Behrenfeld et.
al.'s (2009) algorithm, the complete derivation of which was provided in their Appendix A.
Therefore, the same algorithm was chosen for all aspects of this investigation, with slight
modifications to applied corrections.
Following reprocessing R2009.1, the complete MODIS/Aqua data archive (July 2002 present) of Level 3 (L3) products was available at a suite of time intervals and spatial resolutions. MODIS/Aqua L3 9 km resolution mapped global area coverage files of chlorophyll
(Chl s a t ), in-water diffuse attenuation coefficient at 490 nm (k490), instantaneous Photosynthetically Available Radiation (iPAR) and normalized fluorescence line height (nFLH)
were obtained from NASA's OceanColorWeb (http://oceancolor.gsfc.nasa.gov) in monthly
and 8-day composites for January 2003 through December 2009 (Abbott and Letelier, 1999;
O'Reilly et. al., 2000; Carder et. a l , 2003). Significantly, the nFLH product was derived
from normalized water leaving radiances (standard Level 2 data products from OBPG's
processing sequence; Gordon and Voss, 2004), which are radiances normalized to the down28

welling light at the sea surface. nFLH therefore inherently accounts for the relationship
between the emanating fluorescence radiance and iPAR and no further light-related adjustments were necessary prior to the use of this data product.
As it is not possible to have chlorophyll fluorescence when no chlorophyll is present, a
small correction to nFLH was imposed, in essence forcing the nFLH-Chl s a t relationship to
have an intercept of zero. A regression analysis of seven years of nFLH and ChlSO£ monthly
values from throughout the world found that subtracting 0.00279 mW c m - 2 /jm" 1 s r _ 1 (r 2
= 0.53; p=0.00; 95% confidence interval for correction = [0.00266, 0.00292]) from nFLH
would satisfy this requirement, yielding F 5 a j (Figure 2-1). Data utilized were monthly arithmetic means of all non-negative pixels in each of 29 regional bins designated on the basis of
annual variance in Chl s a j concentration as described in Behrenfeld et al (2005); in order to
match the correction term analysis of Behrenfeld et. al. (2009), excluded regions included
the Arctic, deep Antarctic, Mediterranean and inland seas, and coastal waters. The few
high Ch\sat points visible in Figure 2-1, above ~1.25 mg m - 3 and all from northern North
Atlantic areas, did not strongly influence the regression results; the same analysis conducted
without those data yielded an intercept term within 0.0003. The globally-derived correction
value (0.00279 m W cm""2 ^ m - 1 s r _ 1 ) was comparable to that applied by Behrenfeld et. al.
(2009) for the same constraint but based on a trial data set and previous processing (0.001
m W c m - 2 / m i - 1 s r _ 1 ) , and was within the radiometric uncertainty for the MODIS fluorescence band (http://oceancolor.gsfc.nasa.gov/validation/operation_gains.html).

Due to

slight changes in input parameters during MODIS reprocessing R2009.1, it was not expected
that the newly-calculated correction value would exactly match that utilized with the trial
product; the same analysis was used for correction derivation, however, to yield a result of
equal validity and applicability. Note that this nFLH-Chl s a t correction term was derived
on the basis of a linear equation fit as in Behrenfeld et. al. (2009) because the identical approach was desired. However, the linear regression clearly exhibits heteroscedastic variance
and future analyses should consider alternative and likely more appropriate methods; the
extent to which the magnitude of the correction term would vary as a result is unknown.
Fsat was then used to calculate 4>sat following equation A8 in Behrenfeld et. al. (2009),
although their correction for non-photochemical quenching (NPQ) was omitted in this pro29
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F i g u r e 2 - 1 : Seven years of monthly MODIS/Aqua Chl s a i and nFLH values evaluated by
linear regression to determine the necessary background fluorescence correction (y-intercept
= 0.00279; r 2 = 0.53; p=0.00). Values are arithmetic means of all non-negative pixels within
29 regional chlorophyll variance bins (defined in Behrenfeld et. al., 2005), thus encompassing
the entire world.
cessing. Additionally, the spectrally-averaged phytoplankton absorption coefficient (<&ph >\
m - 1 ) was estimated after Bricaud et al (1998) over the primary photosynthetic absorption
band (400 - 530 nm) rather than simply using the archive average value as in equation A8
of Behrenfeld et. al. (2009). The estimate of cf>sat implemented here was:

bsat =

0.37FsatChl;»0.657
t

(2.1)

wherein both variables are satellite-derived products (Fsat the corrected normalized fluorescence line height described above and Chl sa t the surface chlorophyll concentration from
the OC3M standard NASA algorithm; Esaias et. a l , 1998; O'Reilly et. al., 2000).
Inclusion of the resolved <&ph > term accounted for phytoplankton pigment packaging.
Briefly, pigment packaging refers to the consequences of enclosing the pigment molecules
in cells - when pigments are held within discrete confines such as a chloroplast, a random
photon is less likely to hit a molecule within a cluster than a lone pigment when all are
spread out. When cells acclimate to low light conditions, concentrations of chlorophyll are
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increased, both by production of more pigment and increasing of thylakoid membrane density. This increase in pigmentation causes a decline in <a p / l > as each chlorophyll molecule
becomes less effective at light absorption; optically overlapping pigment molecules in multiple layers reduce the amount of light any given pigment molecule captures. Differences in
cell size or volume are also central to the extent of the pigment packaging effect. Smaller
cells with fewer pigment molecules tend to exhibit less packaging, while the effect is most
severe in larger, densely-pigmented organisms such as diatoms; these species, by nature of
their turbulent habitat, tend to experience a greater need for rapid photoacclimation strategies and thus contain larger quantities of accessory pigments (Falkowski and Raven, 2007).
Because in the investigations that follow, (f>sat was explored over a large spatial area, multiple seasons and, inherently, varied and diverse phytoplankton communities, it was deemed
important to correct for the likely influence of pigment packaging not otherwise captured
in a single average value. The commonly used parameterization of <&ph > employed here
was based on a power-law relationship with phytoplankton biomass as estimated by the
concentration of chlorophyll (Bricaud et. al., 1998) and has been utilized by others with
similar goals (Huot et. al., 2005; Behrenfeld et. al., 2009).
In order to assess the sensitivity of (f)sat to the globally-derived nFLH-Chl sa ( correction
term, <f>sat was calculated using a range of correction values and visually compared (Figure
2-2). Two locations shown, 50°N 40°W and 20°N 40°W, were representative of other northern and mid-latitude sites, respectively. Changing from higher (0.00279) to lower (0.001)
correction values resulted in a simple and minor shift in <j)sat magnitudes at all times of year
at northern sites (>35°N). The minimal effect was likely due to two reasons: the correction
term did not substantially influence the number or value of nFLH data retained following
quality control procedures and therefore included in site-specific averages, and chlorophyll
levels were sufficiently high throughout the year that subtle variations in nFLH did not alter larger 4>sat patterns. In contrast, mid-latitude locations exhibited far greater deviation
between 4>sat values calculated with different correction terms. From 0.00279 to 0.0024,
the impacts were small and focused in winter months; however, with the 0.001 correction,
more dramatic differences were noted, again during non-summer periods. The lowest correction value resulted fewer data removed, thereby effecting the nFLH means and thus (j)sat
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magnitudes.
Selection of the most appropriate nFLH-Chl s a t correction term was important to the
foundation of this analysis and will be equally so for future <f>sat work. It was assumed
here, as in Behrenfeld et. al. (2009), that a single correction based on a significant linear
relationship was applicable world-wide. However, more detailed examinations of the nFLHChl sa t dynamic, ideally with an as yet unavailable global, multi-season high-quality dataset,
may indicate that a nonlinear fit would offer a better representation and result in a different
(lower) correction value. In this case, even if a different correction value improved the quality
and patterns noted in mid- and equatorial latitudes, it was deemed unwise to pursue indepth analyses for these areas because instrument performance remained in question (see
more details in Section 2.3).
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Figure 2-2: Monthly climatological <f>sat calculated using three nFLH-Chl s a t correction
terms: 0.0027, 0.0024 and 0.001. The two sites shown, 50N and 20N, represent northern
North Atlantic locations (>35°N; left panel) and mid- and equatorial regions (<35°N; right
panel), respectively.
For reasons discussed below (Section 2.3), OBPG ultimately decided not to create any
L3 4>sat products. Therefore, throughout the research presented here data generated by
D. Goodwin was used. Monthly and 8-day composites for each year obtained from NASA
were used to create 9 km resolution monthly and 8-day climatologies for each parameter of
interest, calculated as the pixel-based arithmetic mean of non-negative data available from
all years. The 4>sat climatologies were similarly derived from seven years of annual values
rather than simply the Chl s a t and Fsat climatologies.
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2.2
2.2.1

(psat P r o d u c t Quality Evaluation
Comparison t o Trial Product

In order to assess the quality of the new <j>sat evaluation product, one year (2004) of a
trial 4>sat product was made available for comparison by Dr. Michael Behrenfeld (Ocean
Productivity Group, Oregon State University; Behrenfeld et. al., 2009). This trial dataset
was the basis for the new MODIS 4>sat product, though multi-year analyses were not possible due to a temporal trend in the underlying FLH data that precluded time series work;
this trend was accounted for in the MODIS reprocessing (B. Franz, personal communication, 2010; see technical details at
R2009/modisa_calibration/).

http://oceancolor.gsfc.nasa.gov/REPROCESSING/

As their objectives included relating (f>sat dynamics with

macronutrient and iron availability, Behrenfeld and collaborators included a correction for
NPQ in their derivation of the product; in the comparison described here, the NPQ correction was removed with a simple irradiance-dependent calculation (uncorrected value =
trial </>sot*iPARO/iPAR where iPARO = 1588.33 /xmol photons m " 2 s" 1 ).
At all sites compared (Figure 2-3), the Behrenfeld trial <j)sat data and new </)sat product
were of similar orders of magnitude and range over an annual cycle; the trial values were
consistently higher where differences existed. Seasonal variability, examined in more detail
in Chapter Three, appeared similar in both products at locations in the northern North
Atlantic while the mid- and equatorial latitudes exhibited less coherent patterns. Even when
the magnitudes of (f>sat differed between products, the temporal trends were often of the
same direction and scale, suggesting that the same underlying forcing factors were captured
by both. Note that Behrenfeld's data were of 18 km resolution and the new product 9 km,
though the same spatial bounds were utilized to extract data for each location.
The overall behavior of the Behrenfeld trial <j)sat data and new 4>sat products were also
examined, in particular the observed relationship between 4>sat and its primary forcing
factor, irradiance (Figure 2-4). New <j>sat data from the North Atlantic exhibit similar
clustering around a scaled 1/iPAR line (compare to Behrenfeld et. al.'s (2009) Figure 2d,
right panel of Figure 2-4). Increased scatter in <f>sat at high irradiances is due to known
problematic data at mid- and equatorial latitude locations, discussed further below (Section
33
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Figure 2-4: Observed relationship between MODIS/Aqua iPAR and (j>sat for this study
(left panel). Data plotted are 8-day climatologies from sites throughout the North Atlantic
(0° - 60°N) along an open ocean north-south transect centered at 40°W. Line is scaled
1/iPAR relationship. High 4>sat values at high iPAR levels are questionable data from midlatitude areas. Compare to Behrenfeld et. al.'s Figure 2d (2009; right panel) wherein values
are arithmetic means from 29 regional chlorophyll variance bins (defined in Behrenfeld et.
al., 2005), thus encompassing the entire world. Behrenfeld et. al.'s (2009) <j>sat values
include their NPQ correction and are therefore of different magnitude but the relationship
to iPAR is similar.
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2.3).

2.2.2

C o m p a r i s o n t o F i e l d - d e r i v e d (f>sat

Temporally- and spatially-coherent matchups between MODIS/Aqua data and field
measurements related to (f)sat are not readily available as no current research effort makes
direct 4>f observations in a natural environment. As an alternative approach, field radiometric information at wavelengths appropriate for derivation of FLH, and thereafter 4>sat,
were sought. However, few sites with ongoing radiometric or bio-optic sampling campaigns
gather data in the chlorophyll fluorescence region of the spectrum. The Bermuda Bio-Optics
Project (BBOP; www.icess ucsb.edu/bbop) offered one of the only resources for such an in
situ validation effort. BBOP employed the Marine Environmental Radiometer (MER-2040
(S/N 8728); Biospherical Instruments, San Diego, CA) system from 1992 through September
1999, when it was lost at sea; the replacement SeaWiFS Profiling Multi-channel Radiometer
(SPMR (S/N 028); Satlantic, Halifax, Nova Scotia) was used from 1999 to 2007. Both were
free-falling instruments equipped with two sensors to collect upwelling radiance (L u ) and
downwelling irradiance (E^) at a suite of wavelengths: MER had 12 each downwelling and
upwelling channels (410 - 683 nm) while SPMR measured in 11 channels (325 - 683 nm).
Calibration occurred three times per year throughout their respective lifetimes.

BBOP

in-water radiometry profiles of Lu and E^ from 64 cruises were obtained from NASA's SeaWiFS Bio-optical Archive and Storage System (SeaBASS; http://seabass.gsfc.nasa.gov/).
Additionally, surface irradiance (E s ) and water-leaving radiance (L^,) values calculated as
part of developing SeaBASS's ocean color validation data set were acquired. From these,
normalized water-leaving radiances (nL„,) at the desired wavelengths were determined as:

nLw = Lw (F0/Edfl+)

(2.2)

wherein FO is the solar irradiance at the top of the atmosphere (Table 2.1; P. J. Werdell,
personal communication, 2010) and E^o-i- the downwelling irradiance right above the sea
surface, here approximated by E s .
In order for these nL„, values to exactly match how satellite data are treated, Morel et.
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Table 2.1: Top of atmosphere solar irradiance (FO; mW cm

:ngth (nm)

380
410
412
441
442
465
488
491
510
520
555
565
589
625
665
683
684

2

/im

x

)

FO
100.007
170.126
171.182
185.436
187.010
204.985
194.178
193.786
192.561
180.022
183.757
178.959
175.793
165.515
153.087
146.615
146.493

al.'s (2002) f/Q normalization should be applied. The f/Q normalization adjusts for how
varied marine volume scattering functions, illumination conditions (solar geometries) and
sensor geometries all interact; it was derived only for wavelengths between 412 - 660 nm.
In this situation, it was decided to omit the f/Q normalization as the measurement time of
day, wavelengths of interest and low chlorophyll levels typical of Bermuda's surface water
mass indicated that it would not result in a substantial correction (P. J. Werdell, personal
communication, 2010).
Remote sensing reflectances (R r s ) were determined by dividing nLw values by F0. The
BBOP Chl s a i time series was then calculated from R r s data using NASA's OC3 (MER)
or OC4v4 (SPMR) algorithm depending on available wavelengths (O'Reilly et. al., 2000).
An additional input to the FLH algorithm (Abbott and Letelier, 1999), F s a i (678), was
derived using a gaussian fit of the chlorophyll fluorescence peak with mean at 683 nm to
find the gaussian weighting factors (GWF) for each instrument individually. The G W F
(nL™(678)/nL w (683)) for SPMR was 0.8610 and for MER 0.9026; F s a t (678) was then calculated as F s a t (683)*GWF. A small constant (-0.0006) was added to BBOP SPMR FLH to
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eliminate negative values. BBOP 4>sat were then derived with Equation 2.1 and only field
data obtained between 11 - 2pm (approximate local time of MODIS/Aqua overflight; Esaias
et. al., 1998) were averaged to generate the BBOP mid-day 4>sat record for comparison with
satellite values. With these constraints, the total number of measurements averaged for the
BBOP (f>sat monthly climatology ranged from just three to eight per month; although diurnal variability in <f>sat has been noted within the BBOP dataset (D. Goodwin, unpublished),
expanding from the mid-day subset to include values collected at all times of day did not
substantially alter the following comparisons.
The BBOP sampling area is located at -31.6°N, ~64.2°W in the western North Atlantic subtropical gyre or Sargasso Sea; seasonal variations in solar irradiance and key
oceanographic parameters have been documented for many years (for a complete review,
see Steinberg et. al., 2001). Satellite-field comparisons were more strongly focused on the
annual pattern of (j)sat than absolute magnitudes. Differences between MER and SPMR data
were noted throughout the BBOP time series (Figure 2-5), especially pronounced during
winter months when chlorophyll concentrations were enhanced, and at those wavelengths
relevant to FLH derivation. Chl s a t values were similar in both datasets, but greater differences were seen in FLH inputs to the <psat equation. During times of greatest divergence,
SPMR measurements were of higher magnitude (up to ~3x) than those gathered with the
MER system. Examination of the raw data found consistent differences over the archive
rather than a few extreme points; possible explanations, while not investigated further,
included instrument drift concerns, data processing differences, and long term changes in
hydrographic conditions and/or phytoplankton communities. Biological findings presented
in Steinberg et.

al.

(2001) do not support the latter as a strongly contributing cause.

Instrument calibration issues were determined unlikely due to the seasonal nature of the
MER-SPMR differences.
Monthly climatological <j)sat values were within similar ranges for the two data sources,
with BBOP data higher than MODIS-derived over much of the year (Figures 2-5 and 26). The BBOP field-observed annual cycle aligned moderately well with those of other
sites where distinct seasonal fluctuations in irradiance and vertical mixing dynamics drive
changes in growth irradiance and, theoretically, phytoplankton physiology. Data from 35°N
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Figure 2-5: MODIS/Aqua (psat monthly climatologies from the Bermuda Atlantic Time-series Study site (BATS; MODIS BATS MC)
and Bermuda Bio-Optics Project (BBOP) field-derived (psat monthly climatologies. BBOP (psat monthly climatologies arc provided for
the Marine Environmental Radiometer (MER, 1992 - 1999; BBOP MER MC) and SeaWiFS Profiling Multichannel Radiometer (SPMR,
1999 - 2007; BBOP SPMR MC) as well as the fifteen year climatology merging data from both instruments (BBOP MC). Note differences
between BBOP MER and SPMR data records for the two input parameters, chlorophyll concentration and normalized fluorescence line
height; values diverged most during winter months and times of enhanced chlorophyll.

40°W was provided as an example, where (psat values reached their extremes during winter
(high (psat) and summer (low (psat) months with gradual transitions between (Figure 2-6).
In contrast, MODIS (psat for the BATS site showed a more jagged and somewhat opposite
pattern, with the maximum reached in July. Another mid-latitude site close to BBOP, 30°N
40°W, exhibited a likewise irregular cycle, though less consistent than might be expected
for two spatially-close locations.
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F i g u r e 2-6: MODIS/Aqua <psat monthly climatologies from the Bermuda Atlantic Timeseries Study site (BATS; MODIS BATS MC) and the Bermuda Bio-Optics Project (BBOP)
field-derived (psat monthly climatologies encompassing the fifteen year project history
(BBOP MC). MODIS/Aqua (psat monthly climatologies from two additional sites at similar
latitudes to the BBOP sampling location are provided for comparison (35°N 40°W and
30°N 40°W; MODIS 35N MC and MODIS 30N MC, respectively).

As the only location for which comparable field and satellite measurements existed at
the time of this project, Bermuda provided several valuable insights into the 4>sat product.
Significantly, the MODIS and BBOP datasets exhibited very different patterns and deviations were not readily explainable by known natural processes. Furthermore, small variances
in field-derived Chl s a i or nFLH drove substantial differences in (psat, evidenced in the fact
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that the two similar patterns of input parameters shown in Figure 2-5 yielded strikingly
different (psat cycles. BBOP data also served to confirm that the mid-latitude regions were
areas for concern, particularly at times of low Chl s a j when MODIS instrument calibration
or correction issues may dramatically skew observed patterns. Without question, further
in situ efforts at a variety of locations, especially those outside of the mid-latitudes, are
essential to the continued validation and improvement of the (psat algorithm.

2.3

Known Issues with 4>sat P r o d u c t

After implementing Behrenfeld et. al.'s (2009) (psat algorithm in the R2009.1 MODIS/
Aqua reprocessing effort and examining Level 2 (L2) regional results, NASA's OBPG decided not to generate a L3 time series of the product (P. J. Werdell, personal communication,
2010). Previously recognized issues within the nFLH product were cause for concern regarding the new (psat data and OBPG opted to better assess the behavior of <psat before
making a new parameter available to the wider remote sensing community.
Briefly explained, the fluorescence signal at low Ch\sat is sensitive to artifacts in the
instrument calibration or atmospheric correction. One OBPG-discovered problem was that
sufficient error existed in the spectral dependence of the aerosol phase functions to create
scattering-angle-dependent artifacts in nFLH (B. Franz, personal communication, 2010).
This was not considered a major issue for nFLH itself, as the problem occurred only at low
signal strengths and averaged out over time. However, it was determined a more serious
issue for (psat since the errors were magnified at low chlorophyll concentrations ((psat ~
n F L H / C h l s a t ) . The anticipated effect of the nFLH scattering-angle-dependent artifacts on
calculated (psat in open ocean waters was discontinuities unrelated to oceanic features that
tended to align along the orbit track direction, seen as near-vertical striping and speckling
(Figure 2-7). Geographic regions more heavily impacted by these issues were the midlatitudes between the glint-masked regions of any daily L3 file, symmetric to the ecliptic
plane (B. Franz, personal communication, 2010); this issue existed globally. No resolution to
or quantification of the nFLH errors and artifacts has yet occurred, and these inconsistencies
continue to be an unfortunate reality of the current suite of nFLH and (psat products.
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OBPG had been computing <psat at L2 of their processing, then binning the data into L3
files, they suggested that using L3 input products directly may minimize the observed problem areas and encouraged the continued investigation of (psat

via

Behrenfeld et al 's (2009)

algorithm as currently implemented (B Franz, personal communication, 2010)

Seasonal

climatology maps for the North Atlantic basm, calculated as the arithmetic mean of annual
L3 monthly files, showed clear noise speckling and striping in the mid-latitudes throughout
most of the year (Figure 2-7) Spring and summer months appeared the most problematic,
aligning with times of lowest chlorophyll concentration m the region of concern L3 monthly
and 8-day composite maps exhibit similar patterns m the mid-to-equatorial latitudes with
slightly more spatial variability and a greater quantity of data removed by quality control
procedures (maps not shown) Artifacts and erroneous data were anticipated as one reason
better agreement was not observed between the trial and new (psat products at mid-latitude
locations (Figure 2-3) as well as m the MODIS-BBOP field data comparison (Figure 2-6)
These findings did not support OBPG's suggestion that L3 data would show improvements
over their examined L2 files, solutions to the recognized nFLH issues will therefore need to
occur earlier m the data processing sequence

2.4

Selection of Geographic Focus Area

The novel tpsat data archive at the core of this thesis was recognized to have several
uncorrectable problems (at least not on the time frame of the work presented here) that
were m turn corroborated by the limited possible confirmation efforts described above On
this basis, the northern portion of the North Atlantic basm (35 - 80°N, 80°W - 10°E)
was selected as the focus area for the spatial and temporal analyses to follow In seasonal
climatologies, the chosen region illustrated more reasonable spatial patterns given known
hydrographic and ecological dynamics while highlighting the degree of variability that remains the dataset (Figure 2-7)

At times during preliminary data explorations, locations

through the mid- and equatorial latitudes remained included as they offered examples of
concerning data and confusing seasonal patterns (l e , several sites presented in Figures 2-3
and 2-6)

Furthermore, their examination provided strong rationale for a field validation
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Figure 2-7: Seasonal climatologies of MODIS/Aqua-derived (psat for the North Atlantic. Autumn (Sept - Nov), Winter (Dec - Feb),
Spring (Mar - May) and Summer (June - Aug) calculated as arithmetic mean of annual monthly maps. Note reasonable coherency
through the northern regions (>35°N) but irregular striping and speckling throughout mid- and equatorial latitudes. Black areas are
missing or negative data.

program if there is broader interest in the development and application of a global (psat product. Attempting meaningful and statistically significant analyses on data known as suspect
was not, however, a prudent approach and regions of concern were excluded throughout the
work presented in Chapters Three - Five.

2.5

Derivation of Growth Irradiance

Short-term changes in photoprotective state can result not simply from fluctuations in
incoming solar radiation (as it is generally attributed, especially in a laboratory setting)
but also from vertical movement within the water column and the resulting variations in
growth irradiance (I 5 ); for this reason, in field experiments and remote sensing studies, lg
may offer a more realistic estimate of the light environment experienced by phytoplankton
cells (Behrenfeld et. al., 2005). Light history, rather than simply incident light exposure,
may be an important factor in a cell's overall photoacclimation state.
Among the primary objectives of this research was exploring the relationship between
(psat and lg, which integrates the irradiance incident on the sea surface with in-water light
attenuation and vertical mixing dynamics. lg was calculated as:

Ig = iPARe-M90*(MLD^

(2.3)

wherein iPAR and k490 were the 9 km MODIS/Aqua incident irradiance and in-water
attenuation coefficient files described and obtained as in Section 2.1. In order to generate
an archive of lg files that aligned temporally and spatially with the other satellite datasets
utilized here, a suitable mixed layer depth (MLD) product - the final input to Equation 2.3
- was essential. Several potential sources of MLD data were considered for this purpose.
Monthly and 8-day composite 18 km resolution hybrid MLD maps for 2003 - 2009
were obtained from the Ocean Productivity Group at Oregon State University (hereafter,
OSU/FMNOC hybrid; www.science.oregonstate.edu/ocean.productivity/inputMldData). This
data set was originally developed for Behrenfeld et. al. (2005) and incorporates the best
of several MLD products from the Fleet Numeric Meteorology and Oceanography Center
(FMNOC, Monterey, CA; www.fnmoc.navy.mil/public). For a discussion of the FMNOC
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sources integrated into the OSU/FMNOC hybrid product, the reader is referred to the generating research group (http://www.science.oregonstate.edu/ocean.productivity/mld). The
FMNOC model integrates coincident satellite, mooring, profile and Argo float data and thus
provides interannual variability information missing from the climatological MLD products
available elsewhere. In this product, MLD was defined as the depth at which temperature
change was 0.5°C cooler than the surface temperature. Several recent publications have utilized the OSU/FMNOC hybrid MLD as a key input to calculations, including Westberry et.
al.'s (2008) carbon-based productivity model and previous determinations of lg (Behrenfeld
et. al., 2005).
Additionally, the 0.125° (~13.9 km) resolution MLD product from the TOPAZ ocean
data assimilation system at the Nansen Environmental and Remote Sensing Center (NERSC;
h t t p : / / topaz.nersc.no) was also acquired. This dataset extends from 2002 - 2008 and provides four files per month, one per week, with no specific date assigned. The available
MLD product was temperature-based (1.0°C gradient). One immediate challenge with the
TOPAZ data was that it did not include 2009 and therefore did not extend through the
entirety of the time series of interest to this study; for climatological analyses, the lacking
data was not a considerable issue, but examination of seasonal bloom events and basin-wide
interannual variability necessitated year-specific MLD values.
Individual Argo float (www.argo.net) data for the North Atlantic region were also examined (ftp://usgodae.org/pub/outgoing/argo/geo/atlantic_ocean).

Argo data has been

collected throughout the world's oceans since 1998. Floats visit the surface and return
data on ten day intervals at best; closest neighbor floats range from 35 - 500 km. Efforts
have been made to determine MLDs through a regression analysis of float profiles, most
typically yielding only climatological estimates (de Boyer Montegut et. al., 2004; Holte et.
al., 2010; Hosoda et. al., 2010). While it was hoped that utilizing Argo MLDs rather than
the coarser model output values for some of the location-specific short-term phytoplankton
bloom analyses would be reasonable, deriving a product of the necessary time and space
resolutions solely from this source proved impractical for a number of reasons.
As choice of MLD product directly impacts other calculated parameters central to the
interpretation of physiological and photoacclimation changes (i.e., lg and date of onset
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of water column stratification), it was important to ensure reasonable accuracy in MLD
throughout seasonal cycles and in as much of the North Atlantic as possible. A visual
comparison of North Atlantic basin maps from different times of year showed clear differences between TOPAZ and OSU/FMNOC hybrid MLD values, especially during the winter
months (maps not shown). Few locations in the North Atlantic offered a field data record
for validation purposes; information from the Bermuda Atlantic Time-series Study (BATS,
~31.6°N, ~64.2°W; http://bats.bios.edu/) was selected as a representative of the open
ocean conditions encompassed by most of the forthcoming research. BATS MLD values were
determined on the basis of a 0.2°C gradient in conductivity-temperature-depth (CTD) sensor profiles obtained during regular research cruises. When TOPAZ, OSU/FMNOC hybrid
and BATS in situ CTD-derived MLDs were compared, the latter two datasets showed good
alignment throughout the year while TOPAZ winter underestimations were clearly visible
(Figure 2-8). Temporal matchups (date offsets < 3 days) between BATS and OSU/FMNOC
hybrid MLDs for the time period of overlap (late 2002 - 2008) visually supported the noted
agreement while the equivalent for BATS-TOPAZ showed no relationship (Figure 2-9).
A similar analysis focused on a coastal environment was conducted utilizing field measurements gathered in the Gulf of Maine by the University of New Hampshire's Coastal
Ocean Observing Center (UNH COOA; http://www.cooa.unh.edu).

The data used for

comparison here were obtained from the monthly (weather permitting) Wilkinson Basin
transects between May 2004 and May 2008 at the furthest offshore station, WB7 (~42.9°N,
~69.8°W). UNH COOA MLDs were determined by visual inspection of density profiles
from CTD casts; only one profile was available from WB7 for each month. In a comparison
of TOPAZ, OSU/FMNOC hybrid and UNH COOA in situ CTD-derived MLDs, all three
datasets showed good alignment throughout much of the year although episodes of deeper
winter mixing were not well captured by either model (Figure 2-10). Temporal matchups
(date offsets < 3 days) between UNH COOA and OSU/FMNOC hybrid MLDs for the time
period of overlap supported the noted agreement reasonably well, although the shallowest
MLDs were not accurately identified by the model; the equivalent comparison for UNH
COOA-TOPAZ showed similar alignment but with greater variability (Figure 2-11).
The OSU/FMNOC hybrid product was selected for future use on the basis of its accuracy
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Figure 2-8: Three MLD datasets from the Bermuda Atlantic Time-series Study (BATS)
region compared for the time period of overlap. The OSU/FMNOC hybrid (0.5°C gradient) and TOPAZ model (1.0°C gradient) products assimilate field and meteorological data;
conductivity-temperature-depth (CTD; 0.2°C gradient) sensor profiles during regular research cruises were used to generate the BATS dataset. Reasonable agreement was seen
at most times of year between the OSU/FMNOC hybrid product and discrete field CTD
measurements; the TOPAZ dataset did not capture deep winter mixing over the examined
time period.
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Figure 2-9: Bermuda Atlantic Time-series Study (BATS) conductivity-temperaturedepth (CTD; 0.2°C gradient) field measurements compared to the temporally-nearest
OSU/FMNOC hybrid (0.5°C gradient; left panel) and TOPAZ MLDs (1.0°C gradient; right
panel) for their respective time periods of overlap. OSU/FMNOC hybrid and TOPAZ MLD
values are arithmetic means from the four pixels neighboring the BATS location. Field data
are arithmetic means of all CTD profiles collected during a single research cruise (typically
lasting two to three days). Time differences between all compared values are less than three
days.
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Figure 2-10: Three MLD datasets from the Gulf of Maine region compared for the time
period of overlap. The OSU/FMNOC hybrid (0.5°C gradient) and TOPAZ model (1.0°C
gradient) products assimilate field and meteorological data; conductivity-temperature-depth
(CTD; visual inspection of density data) sensor profiles during regular research cruises were
used to generate the University of New Hampshire Coastal Ocean Observing Center (UNH
COOA) dataset. Reasonable agreement is seen at most times of year between both model
products and discrete field CTD measurements with greatest deviation during periods of
deep winter mixing.
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F i g u r e 2 - 1 1 : University of New Hampshire Coastal Ocean Observing Center (UNH
COOA) conductivity-temperature-depth (CTD; visual inspection of density data) field measurements compared to the temporally-nearest OSU/FMNOC hybrid (0.5°C gradient; left
panel) and TOPAZ MLDs (1.0°C gradient; right panel) for their respective time periods
of overlap. OSU/FMNOC hybrid and TOPAZ MLD values are arithmetic means from the
four pixels neighboring the UNH COOA sampling location. Time differences between all
compared values are less than three days.
in all seasons and at multiple North Atlantic sites. Despite the quality of the OSU/FNMOC
hybrid dataset, locating a suitable, more finely-resolved MLD time series at local and regional scales remained a challenge for those analyses detailed in Chapter Five. The monthly
climatological MLD time series showed distinct regional differences in vertical mixing dynamics and timing (Figure 2-12). Deepest MLDs were observed over the largest spatial
extent during February and March across the southern Labrador Sea, Irminger Sea and
Icelandic waters; intense winter mixing extended throughout much of open ocean portion of
the region, but to a lesser degree further south and east (~200 m winter maximum compared
to ~400 m in the north). Deepening of the MLD began earliest (October) in the Irminger
and Norwegian Seas, also the locations last to stratify in the spring (May). Continental
shelves in both the northeastern and northwestern North Atlantic were clearly delineated
at all times except the late summer months, though the subtleties of MLD changes in these
areas were less visible with the chosen color scale. Note that seasonally ice-covered Arctic
regions appeared as shallow MLDs during winter months in this model; missing iPAR data
at relevant times of year precluded these erroneous data from impacting derived lg values.
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It was not possible to directly validate calculated Ig values because no in situ or modeled dataset existed for comparison. As this was purely a theoretical parameter, data were
quality controlled by ensuring that: magnitudes were of the correct order and below those
of incident solar irradiance, seasonal cycles were appropriate (i.e., monthly maxima during summer and minima in winter), and observed short term fluctuations due to transient
changes in k490 or MLD made sense. For example, lg was noted to temporarily decrease
concurrent with the spring peak in Chl sa4 at locations where an especially strong phytoplankton bloom occurred; a corresponding increase in attenuation was also noted, explaining
the drop in Ig, which rapidly recovered to previous levels as the bloom declined.
The time series of monthly lg climatologies illustrated the spatial dynamic nature of this
parameter (Figure 2-13). Throughout the late autumn and winter months, lg levels were
low across the region, with slightly higher magnitudes noted along the northwestern North
Atlantic continental shelf where MLDs were likely shallower. Spring lg increases began first
in coastal waters, over offshore banks (i.e., southeast of Newfoundland) and in partially
enclosed seas. As incident irradiance intensified with each passing month, the northern
edge of high lg waters modulated latitudinally, reaching its furthest north extent during
July concurrent with maximal lg in most locations. Visually, the transition from winter
to spring light conditions appeared more abrupt than that from summer to autumn, but
this was difficult to assess with monthly composites. In the form of climatological maps,
the lg product seemed both reasonable in magnitude and robust in spatial and temporal
patterning; it was deemed suitable for use in the forthcoming analyses.
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CHAPTER 3
SEASONAL CYCLES IN c/)sat
3.1

Background

Solar irradiance reaching the Earth's surface varies throughout the year with changes
in axial tilt, and as a result light levels in the surface ocean exhibit a consistent annual
pattern. Growth irradiance (lg; derivation in Section 2.5) fluctuates on more regional and
local bases as it integrates vertical mixing dynamics, incident light intensity and in-water
attenuation, the latter primarily due to chlorophyll in the study area. At four sites in the
greater Gulf of Maine region, Morrison and Goodwin (2010) noted clear seasonal patterns
in (psat that were both well described by changes in lg (83% of variance explained) and
influenced by their respective hydrographic regimes (ie., seasonally stratified deep basins
versus waters well-mixed year-round). In an effort to expand upon their previous work,
this chapter applies Morrison and Goodwin's (2010) annual cycle analyses to a variety of
other locations and extends them in novel ways. Exploratory cluster analysis was used to
group pixels from throughout the northern North Atlantic according to their dominant (psat
cycle. Provided here is the first synoptic description of the spatial pattern, timing and
relative magnitude of the large-scale seasonal (psat cycle in the North Atlantic, exploring
the hypothesis that seasonal variability of (psat in this region is primarily determined by
photoacclimation to lg.

3.1.1

Overview of Regional Oceanography

The North Atlantic Ocean is unique in its substantial number of adjacent seas that
not only diversify its range of hydrographic and ecological environments, but also strongly
influence the characteristics of its waters (Longhurst, 2007). In this study, several partiallyenclosed seas are considered along with open ocean regions. The Mid-Atlantic Ridge divides
the basin into eastern and western areas; reaching consistently to less than 2000 m depth,
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this seafloor feature significantly impacts deep ocean circulation and stands in stark contrast
to abyssal zones reaching over 6000 m deep (Figure 3-2).

Sea surface salinities in the

northern North Atlantic range from ~38 psu in the subtropical gyre to ~30 psu near the
mouths of Hudson Bay and the Gulf of St. Lawrence. Generally, lower salinities are found in
the Labrador Sea and along the northwestern continental shelf, as well as in the Greenland
Sea, where increased volumes of fresh water and/or seasonal ice melt influence conditions
(Antonov et. al., 2010). Moderate salinities, ~35 - 36 psu, are seen throughout the rest of
the open ocean zone. Sea surface temperatures are strongly latitudinally modulated, though
transport of warm water by the Gulf Stream and North Atlantic Current result in a shift
of isotherms to the north in the eastern half of the basin. Subtropical gyre average annual
surface sea surface temperatures are near 20 - 24°C while those in the northern regions range
between 0 - 10°C (Locarnini et. al., 2010). Hydrographic, nutrient and biological conditions
are equally diverse and dynamic and will be addressed later in this chapter (Tomczak, 2002;
Longhurst, 2007).
The Gulf Stream is the North Atlantic's powerful and centrally important western
boundary current, serving to carry poleward both heat and salt as well as contributing
to the moderate European climate (Figure 3-1). Gulf Stream waters enter the open basin
via the Florida Straits, shifting offshore in the vicinity of Cape Hatteras. The position
of the current as it leaves the coast changes throughout the year: in autumn, it shifts
north while during the winter and early spring its main stream is further south (Longhurst,
2007). Total transport volume and meander dynamics increase offshore of Cape Hatteras.
Cold- and warm-core eddies breaking from the Gulf Stream are common throughout the
year. As it approaches the longitude of the Mid-Atlantic Ridge, the Gulf Stream diverges,
changing structure from a single meandering stream to multiple branching fronts (Tomczak, 2002). The open ocean region of Gulf Stream branching is very dynamic, with high
levels of mesoscale activity, rapid changes in major surface currents and considerable eddy
activity. Following the split, the North Atlantic Current continues to carry warm waters
northeast toward Iceland and the Norwegian Sea while the Canary Current, in combination
with subtropical gyre recirculation, travels south and east (Figure 3-1). The North Atlantic
Current is not particularly fast-moving and often broadly referred to as the North Atlantic
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Drift region (Longhurst, 2007).
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Figure 3-1: Major surface circulation patterns in the northern North Atlantic. Warm
currents shown in red and orange; cold currents in blue. Key geographic locations also
identified.
Other regionally significant contributors to surface circulation include the East and West
Greenland Currents, which travel along the shelf and shelf break of the coast of Greenland.
The Labrador Current flows southeast from Hudson Strait along the continental slope,
rounding Newfoundland and continuing southwest on the continental shelf past Nova Scotia
(Tomczak, 2002); at its southern extent, it is located inshore of the Gulf Stream (Figure
3-1). Offshoots of the Norwegian Current are responsible for mixing of open ocean waters
into areas of the northeastern continental shelf, especially the North Sea.

3.2
3.2.1

Analytical Methods
Geographic and Temporal Patterns

Monthly composite (psat, Chl.sa(, iPAR, Ig and MLD maps for the northern region of the
North Atlantic basin (35° - 80°N, 80°W - 10°E) were obtained as described in Section 2.1
and the respective climatologies calculated. Between November and February no satellite
data were available for the more northerly portions of this region due to the low incident sun
angle. The climatological seasonal cycle was examined at six open ocean sites along latitu55
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Figure 3-2: Northern North Atlantic bathymetry. Selected study sites encompass both
open ocean and shelf sea regions and are shown with symbols: latitudinal transect included
sites at 40°N 40°W, 50°N 40°W and 60°N 40°W (squares); longitudinal transect included
sites at 51°N 50°W, 50°N 40°W, 51°N 30°W and 51°N 20°W (squares); shelf sea sites included the Gulf of Maine (43°N 68°W; circle), Gulf of St. Lawrence (48°N 61°W; diamond),
Grand Banks (45°N 52°W; star), North Sea (55°N 5°E; cross) and Celtic Sea (51°N 8°W;
triangle). Additional details for all sites are in Table 3.1. Bathymetric data obtained from
NASA. Site symbols not to scale.
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Table 3.1: Northern North Atlantic study sites

Site
60°N 40°W
50°N 40°W
40°N 40°W
51°N 50°W
51°N 30°W
51°N 20°W
Gulf of Maine
Grand Banks
Gulf of St. Lawrence
North Sea
Celtic Sea

Latitude
58°N- • 62°N
48°N- • 52°N
38°N- • 42°N
49°N- • 53°N
49°N- • 53°N
49°N- •53°N
43°N- • 44°N
44°N- •46°N
47.5°N - 49°N
56°N- • 59°N
50°N- • 51°N

Longitude
38°W - 42°W
38°W - 42°W
38°W - 42°W
48°W - 52°W
28°W - 32°W
18°W - 22°W
67°W - 68°W
50°W - 52.5°W
60°W-61.5°W
2°E - 6°E
8°W - 6°W

Average Depth (m)
2367
4180
4751
1581
3161
3892
228
71
282
96
102

Total Pixels in Site
2304
2304
2304
2304
2304
2304
144
480
324
1728
288

Category
Open Ocean
Open Ocean
Open Ocean
Open Ocean
Open Ocean
Open Ocean
Shelf Sea
Shelf Sea
Shelf Sea
Shelf Sea
Shelf Sea

Abbreviation
60N
50N
40N
50W
30W
20W
GoM
GB
GoSL
NS
CS

dinal and longitudinal transects, as well as five shelf seas (Figure 3-2; Table 3.1); together,
these locations represented a breadth of hydrographic and biologic regimes documented in
the northern North Atlantic while focusing only on areas with robust year-round data. Shelf
sea sites were situated well inshore of the continental shelf break and in waters less than
1000 m deep while those designated open ocean were in much deeper waters and past the
shelf break. At all locations, reported values were the arithmetic means of all non-negative
pixels at the site (maximum of 144 - 2304, depending on location; Table 3.1). Total sizes of
each site were determined to both minimize potential impacts of advection and retain distinctive local conditions; shelf sea locations were additionally limited by proximity to land
and coastline shape. The open ocean and shelf sea arithmetic means of climatological (pSat,
iPAR and lg were calculated to generate category representatives for broad comparisons.
The monthly climatological time series was examined in map form to identify geographic
patterns in <f)aat- Furthermore, annual (psat cycles were isolated for each of the 11 study sites
and analyzed in the context of related environmental parameters (i.e., iPAR and lg) as well
as with respect to Morrison and Goodwin's (2010) conceptual model of (psat- Additional
details of (psat dynamics at the same suite of locations are presented in subsequent chapters.

3.2.2

E x p o n e n t i a l F i t t i n g of A n n u a l C y c l e s

In order to numerically describe the monthly climatological trajectories (magnitude and
slope of change from month to month and over seasons) observed throughout the region of
interest, annual </>sat-iPAR cycles were fit with an exponential function of the form
Ae^PA^

(Psat =

which assumed additive error in Matlab (Mathworks R2010), retrieving both A and A terms
and an r 2 goodness-of-fit value. This model was chosen for preliminary analyses, as opposed
to one more intricate such that described in Morrison and Goodwin (2010), for reasons of
arithmetic simplicity; comparison with a linear model found the exponential a better fit
with less autocorrelation in the residuals (determined visually). Representative exponential
fits and residuals for the 11 study sites were included in Section 3.3.3 to further support this
approach. As the slope of the </>sat-iPAR relationship often varied between winter-spring
(January - June) and summer-autumn (July - December) time periods, two sets of fit terms
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were obtained for each pixel with greater than eight data points over the year; pixels with
fewer than eight data points were excluded from analyses based on the fitting function.

3.2.3

Exploratory Cluster Analysis

A and A results for both seasons from pixels whose fits yielded r 2 values greater than 0.5
were utilized in an exploratory cluster analysis. The objective of this procedure was to group
as many pixels as possible from throughout the region of interest according to their dominant
annual <psat cycle and identify areas exhibiting similar </>5a£-iPAR trajectories. Statistically
assessing the quality of different clustering outcomes was not the priority. Matlab's k-means
clustering algorithm was utilized with the cityblock cluster distance method, which groups
pixels on the basis of the sum of absolute differences and results in centroids which are the
component-wise median of all points in the cluster. This approach was used in hopes of
minimizing the influence of outlying data driven by occasional high (psat values.

3.2.4

Calculation of E T

As in Morrison and Goodwin (2010), the approach chosen for evaluation of the <psat-^g
relationship and photoacclimational state changes was calculation of an additional related
property, Ey, the light saturation parameter for energy-dependent fluorescence quenching
(qE)- Ey varies with 1/apsn

in the absence of other physiological changes, where crpsii is

the absorption cross-section of PSII; theoretically, photoacclimation to higher light increases
Ey. If photocompensation is modeled as varying o~psn, the </>sai-iPAR relationship is shifted
to higher or lower irradiances as suggested by Behrenfeld et. al. (2009). Morrison and
Goodwin (2010) found Ey was significantly related to log-transformed lg and therefore
this parameter warranted further investigation in the context of the larger North Atlantic
dataset. Ey was determined as in Morrison and Goodwin (2010): calculated with Equation
1.1 and the target theory parameterization of q# assuming no qp with (p/max = 0.09 and
qi = 0.35. For given levels of q/ and 4>fmaxi E? can be estimated from observed (psat and
E0 (here, iPAR); values for qj and <pfmax are scarce for natural phytoplankton assemblages,
especially those estimated from SICF. Those used here were chosen for the Gulf of Maine,
although the level of q/ was similar to midday values reported previously (Morrison, 2003).
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Although hypothesis investigation was one goal of Ey calculations, it was equally important
to simply evaluate the appropriateness and applicability of this simple model to other types
of photophysiological settings throughout the basin.

3.3

Results

3.3.1

Geographic Patterns

Clear seasonal (psat cycles were visible across the northern North Atlantic with considerable regional and mesoscale variability in every time of year (Figure 3-3). Winter months
had the highest (psat values, particularly in open ocean areas known to experience strong
winds, intense Gulf Stream and eddy turbulence and deep winter MLDs (Tomczak, 2002).
Coastal regions also reached (psat maxima during winter, though at lower magnitudes and
overall ranges. Throughout the basin, the lowest (psat levels were observed during summer
months, with shelf sea values again lower than those in the open ocean. A roughly east-west
boundary was present between higher (~0.006 - 0.01) and lower (<~0.004) summer (psat
magnitudes, located around 45°N in July and 50°N in August; a similarly sharp zonation
was visible at other times of year as well and shifted in position slightly over the year.
Latitudinally modulated transitions were seen from both winter to spring and autumn to
winter; geographic complexity had a strong presence in all seasons but did not overwhelm
larger patterns.

3.3.2

Temporal Patterns

Throughout the study region, common climatological seasonal patterns were observed
for all examined parameters. Incident irradiance (iPAR) ranged from its minimum during winter months to peak levels during mid-summer (Figure 3-4); correspondingly, lg also
reached a maximum in the summer (Figure 2-13), when iPAR was greatest, MLD at its
most shallow and K^ moderate in magnitude (Figures 3-4, 2-12 and 3-5, respectively). At
locations which experienced deep winter MLD (60N, 50N, 40N, 30W and 20W), lg minima
were near zero, while in other areas lg remained at a more moderate level during the winter
(Figures 2-13 and 3-7; Table 3.2). MLDs were consistently deepest from January - March,
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Figure 3-3: Monthly MODIS/Aqua-derived (psat climatologies for the northern North Atlantic. Black pixels represent missing data.

shoaling sharply in early spring to their summer minima and then gradually increasing
again through autumn; open ocean sites exhibited larger ranges in MLD magnitude than
shelf seas (Figures 2-12 and 3-8; Table 3.2). All study locations showed their lowest surface chlorophyll concentrations during winter, followed by a distinct spring (March - June)
chlorophyll increase and summer decline; a lower-magnitude autumn chlorophyll peak was
also seen at shelf sea sites as well as 60N and 50W (Figures 3-6 - 3-8).

Phytoplankton

abundances in the shelf seas were greater than those of the open ocean, with the highest
chlorophyll levels observed at GB and GoM; chlorophyll concentrations at open ocean sites
in the eastern and southern portions of the study region (40N, 30W and 20W) varied far
less throughout the year (Figures 3-6 - 3-8). K^ was noted to vary coherently with Chlsat in
most areas, in particular increasing strongly during the spring chlorophyll peak and declining to a far lower level during the winter (Figure 3-5). Attenuation was consistently higher
in coastal waters than offshore areas.
Annual 4>Sat cycles across the region exhibited similarities with respect to magnitude and
range, though were modulated by latitude and local hydrographic regime (Table 3.2). The
highest (psat values occurred in late autumn or winter months (November - January) and
lowest during summer (June - August) (Figures 3-3 and 3-9). The transitions between high
and low (psat periods were gradual, with short-term, event-based fluctuations superimposed.
In a majority of examined climatologies (50N, 40N, 30W, 20W, CS, NS and GB), autumn to
winter transitions were sharper than those from winter to spring (Figure 3-9). Shelf seas had
lower (psat values than open ocean areas at nearly all times during the annual cycle, though
both followed the same month-to-month pattern. The same suite of analyses were conducted
utilizing 8-day composite climatologies (figures not shown), illustrating very similar patterns
to those described above. At most study sites, monthly composites represented averages of
fairly consistent 8-day data; 20W, 40N and CS exhibited the greatest variability in 8-day
values.
In monthly composites, (psat decreased non-linearly with both increasing iPAR and lg
as would be expected with non-photochemical quenching (NPQ; Figures 3-10 and 3-11; described in Section 1.4.2). When plotted against Morrison and Goodwin's (2010) conceptual
model of photoacclimation states (described previously in Section 1.5), the (/>sat-iPAR rela62
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Table 3.2: Site-specific monthly climatological minimum, maximum, mean and standard deviation of (psat, MLD (m) and lg (/xmol
photons m^ 2 s^ 1 ).

(psat

Site
60N
50N
40N
50W
30W
20W
Gulf of Maine
Grand Banks
Gulf of St. Lawrence
North Sea
Celtic Sea

Min
0.0026
0.0022
0.00064
0.0021
0.0049
0.0043
0.00093
0.00062
0.00049
0.0015
0.0013

Max
0.0079
0.0121
0.0086
0.0084
0.0104
0.0111
0.0058
0.0067
0.0047
0.0079
0.0106

Mean
0.0049
0.0057
0.0041
0.0043
0.0062
0.0062
0.0028
0.0031
0.0020
0.0033
0.0042

SD
0.0018
0.0030
0.0028
0.0024
0.0017
0.0022
0.0016
0.0021
0.0014
0.0020
0.0028

Min
21.7
16.8
15.3
12.3
20.0
24.2
11.6
12.4
11.1
14.0
15.8

Max
371.3
182.8
206.3
93.2
196.3
338.1
62.1
56.2
36.7
112.3
132.7

MLD
Mean
159.8
73.2
82.6
39.1
79.3
139.7
28.8
28.0
21.1
51.2
56.0

SD
138.9
60.9
72.2
29.9
64.4
124.3
17.5
15.0
9.1
38.8
44.1

Min
0.4
19.8
19.5
88.1
7.8
0.5
150.9
106.2
247.3
12.2
6.7

Max
711.7
901.3
1453.7
1094.4
726.4
756.2
1125.5
1359.1
1138.6
1063.3
1080.1

h

Mean
252.7
360.4
563.5
486.9
307.3
266.9
505.7
593.9
607.0
479.1
415.9

SD
268.9
348.1
562.7
367.2
282.5
299.9
377.5
483.0
323.5
423.1
426.9

tionship tracked roughly along model lines during periods of gradual lg change and crossed
model lines when lg increased or decreased more dramatically (Figure 3-12). At times of
highest irradiance, (psat fluctuations were minimal and remained within a small site-specific
window. The largest month-to-month changes in (psat occurred in late autumn or late winter (Figures 3-9 and 3-10). At nearly all sites, a slightly different trajectory was seen over
the autumn months as (psat values returned to their winter maxima (Figure 3-10 and more
clearly in mean cycles, Figure 3-12). In all cases but 40N, higher magnitude (psat values
were found for a given iPAR in autumn than the spring, similar to patterns observed by
Morrison and Goodwin (2010). Some locations also exhibited a subtle (psat increase during
the spring, perhaps driven by the phenomenon described in Chapter Five.

3.3.3

Exponential Fitting of Annual Cycles

Using the 11 North Atlantic study sites as representative of (psat trajectories found across
the basin, Figures 3-13 and 3-14 demonstrated that exponential fits provided a reasonable
means of quantifying the annual cycle. Intercept terms were generally higher at open ocean
locations in both seasons, with slopes more mixed among the sites (Table 3.3). Summerautumn r 2 values were consistently high while the quality of winter-spring fits exhibited
greater variability. Of the 11 study sites, eight had r 2 values greater than 0.7 for both seasons
(Table 3.3). Residuals from the representative exponential fits did not show substantial
autocorrelation or distinct patterning at most sites (Figures 3-15 and 3-16). All residual
values were within ±0.002.

3.3.4

Exploratory Cluster Analysis

The cluster analysis was conducted on a pixel by pixel basis using both intercept and
slope terms from winter-spring and autumn-winter exponential fits with r 2 above 0.5. Typically, statistic determination of the optimal number of clusters is a central part of the
analysis; in this case, however, identifying the best quantity of groups was not the objective
and visual inspection was used to find a reasonable choice. With only two groups, the
strongest distinction observed was between coastal as well as offshore northern waters and
the open ocean across the southern extent of the region of interest (Figure 3-17, upper left
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Figure 3-9: Monthly climatological annual cycles of <psat at 11 North Atlantic study sites.
Top panels: six open ocean sites in two transects (60N, 50N, 40N, 50W, 30W and 20W);
bottom panels: five shelf sea locations (Gulf of Maine (GoM), Grand Banks (GB), Gulf of
St. Lawrence (GoSL), North Sea (NS) and Celtic Sea (CS)) and the average annual cycles
for each site category. Additional details for all sites are in Table 3.1.
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Figure 3-10: Monthly climatological annual cycles of <psat with varying iPAR at 11 North
Atlantic study sites. Top panels: six open ocean sites in two transects (60N, 50N, 40N, 50W,
30W and 20W); bottom panels: five shelf sea locations (Gulf of Maine (GoM), Grand Banks
(GB), Gulf of St. Lawrence (GoSL), North Sea (NS) and Celtic Sea (CS)) and the average
annual cycles for each site category. With the exception of 40N, all sites and category
averages travel from January to December in a counterclockwise direction. Additional
details for all sites are in Table 3.1.
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F i g u r e 3 - 1 1 : Monthly climatological annual cycles of (psat with varying lg at 11 North
Atlantic study sites. Top panels: six open ocean sites in two transects (60N, 50N, 40N,
50W, 30W and 20W); bottom panels: five shelf sea locations (Gulf of Maine (GoM), Grand
Banks (GB), Gulf of St. Lawrence (GoSL), North Sea (NS) and Celtic Sea (CS)) and
the average annual cycles for each site category. With the exception of 40N, all sites
and category averages travel from January to December in a counterclockwise direction.
Additional details for all sites are in Table 3.1.

74

0 015

0012

0 009

0 006

0 003

500

1500

1000

2000

iPAR (|j.mol photons rn"2s"1)

Figure 3-12: Monthly climatological annual cycles of study site category average (psat
with varying iPAR and Ig (/imol photons m~ 2 s _ 1 ; color scale) plotted over Morrison and
Goodwin's conceptual model (2010, modified from Morrison, 2003) of photoacclimational
states. Both category averages travel from January to December in a counterclockwise
direction.
Table 3.3: Intercept (A) and slope (A) results from <^>sat-iPAR exponential fits at 11 study
sites. Spring values correspond to Winter-spring (January - June) fits; autumn values are
from summer-autumn (July - December) fits.

Site

60N
50N
40N
SOW
30W
20W
Gulf
of
Maine
Grand
Banks
Gulf of St.
Lawrence
North Sea
Celtic Sea

Spring
Intercept
(A)
0.0037
0.0151
0.0182
0.0129
0.0063
0.0091
0.0040

Spring
Slope (A)

Spring R 2

-0.000012
-0.000789
-0.000888
-0.000977
-0.000125
-0.000409
-0.000464

0.0111

Autumn
Slope (A)

Autumn
R2

0.0253
0.9049
0.9250
0.7613
0.6157
0.9256
0.7059

Autumn
Intercept
(A)
0.0143
0.0407
0.0985
0.0220
0.0162
0.0213
0.0113

-0.000707
-0.001691
-0.002837
-0.001297
-0.000687
-0.000911
-0.000908

0.9605
0.9871
0.9897
0.9787
0.9192
0.9853
0.7786

-0.001151

0.8112

0.0199

-0.001458

0.9827

0.0091

-0.001518

0.9238

0.0129

-0.001277

0.9524

0.0047
0.0079

-0.000387
-0.000652

0.6962
0.8367

0.0415
0.0385

-0.002054
-0.001739

0.9882
0.9933
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F i g u r e 3-13: Winter-spring (January - June; blue circles) and summer-autumn (July - December; red diamonds) exponential fits for
monthly climatological annual cycles of (psat with varying iPAR (fimol photons m - 2 s _ 1 ) at six open ocean locations: 60N, 50N, 40N,
50W, 30W and 20W. Additional details for all sites are in Table 3.1.
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Figure 3-14: Winter-spring (January - June; blue circles) and summer-autumn (July - December; red diamonds) exponential fits for
monthly climatological annual cycles of (psat with varying iPAR (fimol photons m - 2 s _ 1 ) at five shelf sea sites: Gulf of Maine (GoM),
Grand Banks (GB), Gulf of St. Lawrence (GoSL), North Sea (NS) and Celtic Sea (CS). Additional details for all sites are in Table 3.1.
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Figure 3-16: Winter-spring (January - June; blue circles) and Summer-autumn (July - December, red diamonds) exponential fit
residuals at five shelf sea sites: Gulf of Maine (GoM), Grand Banks (GB), Gulf of St. Lawrence (GoSL), North Sea (NS) and Celtic Sea
(CS). Additional details for all sites are in Table 3.1.

panel). Interestingly, a portion of the North Sea appeared to group with southern, open
ocean pixels even in this version. Clustering into an increased number of groups (Figure
3-17, upper right panel (four groups) and lower left panel (seven groups)) resulted in greater
spatial complexity throughout the open ocean while the shelf seas remained a single coherent group. Notably, the northern and southern open ocean regions were distinguished in all
higher-order clustering analyses; all open ocean groups within each region were well-mixed
(speckling in lower left panel of Figure 3-17, for example). Raising the number of clusters
beyond seven simply increased the variability in open ocean areas without any visually discernable influence on the shelf sea group. Matlab's k-means iteratively assigned datapoints
to clusters so as to minimize the sum of distances from each point to its cluster center.
The quality of cluster analysis results was also evaluated with the total within-cluster sum
of point-to-centroid distances (Figure 3-17, lower right panel); with increasing groups, the
total distance inherently decreases and an optimal number may be determined where the
sharpest bend in the curve occurs.
The objective of this cluster analysis was only to determine if portions of the northern
North Atlantic had similar annual (psat cycles and k-means served as the mechanistic engine
for visualization. For this purpose, four clusters were selected as the ideal number as they
yielded sufficient definition between geographically-defined groups but did not introduce
unwieldy complexity. The selected iteration generated several classes of pixels with unique
characteristics (Table 3.4; Figure 3-18). Strikingly, all shelf sea regions were clustered into a
single group (Group One) having the lowest and very similar intercepts during both times of
year. When mapped with the 1000 m bathymetric contour, Group One pixels aligned very
well with the continental shelf break in portions of the basin, particularly the northwestern
North Atlantic (i.e., Gulf of Maine, Scotian Shelf and Labrador coast) and near Iceland
(Figure 3-19).

Spring intercepts were very low in this group, with autumn parameters

only slightly higher; differences in trajectory between the seasons were nonetheless clearly
visible exponential fits from representative study sites (Figure 3-14). Groups Two and Three
comprised pixels mainly in the southern portion of the study area with low but variable
spring intercepts and either slightly (Group Three) or dramatically (Group Two) higher
autumn intercepts; this balance of parameters supports the common gradual winter-spring
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Table 3.4: Characteristics of four groups resulting from exploratory cluster analysis

Group

1
2
3
4

Total
Number
of Pixels
27243
(42.1%)
5605
(8.7%)
14196
(21.9%)
17645
(27.3%)

Mean
Silhouette
Value
0.7416

Spring
Intercept
(A)
0.0031

Cluster
Autumn
Intercept
(A)
0.0141

Centers
Spring
Slope (A)

Autumn
Slope (A)

0.0002

-0.0008

0.1265

0.0150

0.0776

-0.0009

-0.0026

0.5046

0.0095

0.0372

-0.0006

-0.0018

0.0616

0.0118

0.0196

-0.0007

-0.0010

transition followed by a more steep return during autumn (i.e., study site 40N; Figure 3-13)
though the overall direction of the annual cycle cannot be determined from exponential
fits alone. Group Four encompassed much of the non-shelf section of the northern North
Atlantic above ~48°N and was in places well-mixed with Group One (Figure 3-19). This
cluster exhibited low spring intercepts and comparable or higher autumn intercepts, the
latter possibly due to phytoplankton photoacclimated to more intense light conditions (i.e.,
60N, 50W, 30W and 20W). Along the northeastern North Atlantic continental shelf and
Grand Banks, peripheral areas appeared to behave more like the northern open ocean
(Group Four) rather than shelf seas, perhaps suggesting the influence during one or both
seasons of tidal mixing or storm effects off the open sea.
Comparisons of clustering outputs utilizing only intercept or slope terms, rather than the
combination of both, found that the intercepts were driving the observed spatial patterns
(maps not shown). Indeed, little variability was seen in the slopes among most final cluster
centers, particularly those from the winter-spring time period (Table 3.4).
To assess the degree of separation between these four clusters, a silhouette analysis was
conducted (Table 3.4; Figure 3-20). The silhouette value measured how close each point
in a given cluster was to points in neighboring clusters; large silhouette values indicated
well-separated points while negative values meant the evaluated point was nearer to other
centroids than its own. In this case, the mean overall silhouette value for all groups was
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NumfeeroS^luttes

Figure 3-17: Comparison of k-means exploratory cluster analysis results using different numbers of total clusters. Upper left panel, two
groups; upper right panel, four groups; lower left panel, seven groups. Note that the shelf seas (green) were clearly identified regardless
of the number of clusters. Lower right panel shows the total within-cluster sum of pixel-to-centroid distances, one metric for the quality
of the cluster analysis; the optimal number of clusters may be selected at the sharpest bend in the curve.
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Figure 3-18: Distribution of pixel values for three of four input terms to k-means exploratory cluster analysis. Not shown are Autumn slopes, omitted because slopes were less
influential in the clustering process than intercepts. Group colors match those of Figure
3-17; group centers defined in Table 3.4
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Longitude

Figure 3-19: Results from northern North Atlantic k-means exploratory cluster analysis
using four clusters, overlaid with the 1000 m bathymetric contour. Group colors match
those of Figure 3-18; group centers defined in Table 3.4. This map was also shown in Figure
3-17, upper right panel.
0.4376; Group One (shelf seas) had the highest silhouette value (0.7416), supporting its distinctiveness from the others. Two clusters (Groups Two and Four) had very low silhouette
values and therefore cannot be considered strongly independent groups. Both were found
intermixed with other clusters over portions of their range and pixel distributions with
respect to the input parameters (group edges in Figure 3-18) left substantial uncertainty
about the assignment of borderline data points.

3.3.5

Calculation of E r

All shelf sea locations exhibited the anticipated photoacclimation-driven shifts in E r
with changes in light conditions: lower E T values at times of low lg and increasing E T
with more intense irradiance during summer months; several open ocean sites (60N, 50W
and 30W) had the same pattern, though with a smaller range of magnitudes (Figures
3-21 and 3-22).

Coastal areas also showed good agreement between winter-spring and

summer-autumn E T dynamics, with the two seasons tracking over one another during their
steeply-sloped transitions. Open ocean locations were more diverse in their E T patterns,
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Figure 3-20: Silhouette values for pixels in each group resulting from northern North
Atlantic k-means exploratory cluster analysis using four clusters. Higher positive silhouette
values indicated well-separated groups; low and negative values meant that pixels were
nearer to other cluster centers than their own. Group mean silhouette values reported in
Table 3.4
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Table 3.5: Variance explained by the relationship between E T and lg under two sets of
model conditions. A quadratic function of the log-transformed lg was used to evaluate
constant q/ results while a regressions on data with varying q/ used a linear function; sum
of squares error was minimized in both cases.

Site
60N
50N
40N
50W
30W
20W
Gulf of Maine
Grand Banks
Gulf of St. Lawrence
North Sea
Celtic Sea

R 2 ( E T calculated with
constant q/)
0.8484
0.5373
0.5005
0.8040
0.8212
0.6097
0.8974
0.2647
0.8162
0.9348
0.4924

R 2 ( E T calculated with
variable qj)
0.8142
0.7518
0.0623
0.8402
0.8865
0.6693
0.7754
0.5881
0.7513
0.8383
0.7067

more often experiencing nearly even E T levels throughout much of the year under a variety
of light conditions (especially 50N, 40N and 20W; Figure 3-21). Monthly climatological
E T patterns for the GoM and other northwestern North Atlantic shelf sea locations were
similar to those presented in Morrison and Goodwin (2010), both as an annual cycle and
when plotted against lg (Figures 3-23).
Estimated E T was significantly related to the log-transformed lg at many sites (Table
3.5). With constant q/, a quadratic function of the log-transformed Ig explained over 50%
of the variance in E T at nine of 11 locations; varying q/ at higher irradiances explained a
similar amount of variance with a linear function at an equal number of sites. Eight study
locations, including all shelf seas, exhibited roughly even or greater variance explained by
variable q/ than constant.

3.4

Discussion

3.4.1

Geographic and Temporal Patterns

The climatological annual cycles observed at 11 study sites across the northern North
Atlantic aligned with those presented in Morrison and Goodwin (2010) as well as the pat86
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Figure 3-21: Monthly climatologies of the light saturation parameter for energy dependent quenching, E T , versus lg (fimol photons
m~ 2 s _ 1 ) at six open ocean sites: 60N, 50N, 40N, 50W, 30W and 20W. Photoinhibition was either held constant (q/ = 0.35) or calculated
with a step function wherein when lg < 500 fimol photons m
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Additional details for all sites are in Table 3.1.
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Figure 3-22: Monthly climatologies of the light saturation parameter for energy dependent quenching, E T , versus lg (fimol photons
m - 2 s _ 1 ) at five shelf sea sites: Gulf of Maine (GM), Grand Banks (GB), Gulf of St. Lawrence (GoSL), North Sea (NS) and Celtic Sea
(CS). Photoinhibition was either held constant (q/ = 0.35) or calculated with a step function wherein when lg < 500 fimol photons m - 2
s" 1 , qi — 0.35 and when L, > 500 fimol photons m~ 2 s^ 1 , qj — 0.15. Additional details for all sites are in Table 3.1.

Shelf Seas

J

L_

T

1

Open Ocean
1

1

r

»30W • • • & • • • 20W

F i g u r e 3-23: Monthly climatological annual cycles of the light saturation parameter for
energy dependent quenching, E T , at five shelf sea sites (upper panel; Gulf of Maine (GM),
Grand Banks (GB), Gulf of St. Lawrence (GoSL), North Sea (NS) and Celtic Sea (CS))
and six open ocean sites (lower panel; 60N. SON, 40N, 50W, 30W and 20W). E T shown as
calculated with constant photoinhibition (qj = 0.35). Additional details for all sites are in
Table 3.1.
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terns anticipated on the basis of conceptual models of phytoplankton photoacclimation and
previous investigations of remotely sensed (psat (Morrison, 2003; Huot et. al., 2005; Behrenfeld et. al., 2009). Highest (psat were found at times of low iPAR (Figure 3-7), conditions
under which photoprotective quenching processes should be at a minimum, thus enabling
chlorophyll fluorescence. Under increasingly more intense light conditions, particularly the
sustained high irradiances of summer, lower (psat values were seen (Figures 3-9 and 3-10);
as irradiance increases past the photosynthetic saturation level, phytoplankton cells invoke
a suite of responses over numerous time scales to divert excess energy and protect essential
structures (NPQ; see Section 1.4.2). Although varied, these responses together serve to
reduce chlorophyll fluorescence. During late spring and early summer, (psat at many sites
(i.e., 50N, 30W, 20W, GoSL and GoM) appeared to plateau or change only minimally with
continued increasing iPAR: in areas of continued 4>sat decrease, late summer Ig maxima
likely drove 6sat even lower as q/ processes played a more important role. Relaxing photoprotective responses as Ig declined into autumn allowed (psat to begin increasing again,
though the timing of the transition appeared modulated by latitude as corresponded to differences in I s (Figure 3-9). For example, at 50N and other sites on approximately the same
latitude, the sharp autumn increase in (psat began in September while at 40N substantial
changes did not occur until October or November (Figure 3-9, top panels).
Along the north-south transect (60N, 50N and 40N), evidence of the latitudinal gradient
in incident irradiance was noted. The lowest winter lg values were seen at 60N, even though
satellite data from late autumn and winter months was not available (Figure 3-9, upper left
panel: Table 3.2). The southern two sites (50N and 40N) experienced a greater range of
iPAR and Ig over the year, with 40N having the highest irradiances of all examined sites;
the maximum lg at 60N was approximately half that of 40N (Table 3.2). The lowest (psat
values were found at the southernmost site, 40N, and they were reached two months after
the 60N minimum (August versus June) following several months of intense summer light
exposure. As no data were available for November, December or January at 60N, a direct
comparison of winter cpsat magnitudes was not possible; however, other data trends suggest
they would match or exceed those of the next most northerly location, SON, which in turn
were ~ 5 0 % higher than 40N in November (Figure 3-9, upper left panel).
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Longitudinal differences in the open ocean were less distinct. Seasonal patterns at 50N,
30W and 20W shared many features, including timing of transitions, (psat magnitudes and
range, and approximate Ig levels (Figure 3-7). The annual cycle found at 50W was also
similar, though perhaps influenced by its proximity to the Labrador Shelf with less intense
vertical mixing dynamics as lg never reached a near zero winter minimum and (p>sat values
were overall lower throughout the year (Figure 3-9).
At all shelf sea locations, (psat values were lower than those observed in the open ocean,
especially the late autumn and winter maxima (Table 3.2; Figure 3-9). As a result, annual
cycles of (psat when examined with respect to iPAR appeared flattened although encompassing a similar range of light levels (Figure 3-10). These clear differences in (psat were
associated with consistently higher lg conditions than at open ocean locations, particularly
those of similar latitude. In several of the examined shelf seas (GoM. GB and GoSL), even
the deepest winter mixing left Ig at a magnitude sufficient to support moderate phytoplankton growth (Figure 3-8). Two locations, NS and CS. experienced more substantial vertical
mixing and correspondingly lower lg values, resulting in overall <psat ranges that tended
towards those of open ocean sites (Table 3.2; Figures 3-9 and 3-10). No strong differences
between western and eastern Atlantic shelf seas were found in this analysis.
Though not precisely permitted by the monthly climatological nature of the data presented here, a closed annual cycle can be visualized in the average open ocean and shelf seas
(Figures 3-10 and 3-11). Shelf sea locations wherein all 12 months of data were available
showed a winter cpsat turning point (maxima) in November; after this point, Ig declined
slightly further but phytoplankton appeared to photoacclimate to their low light environment, seen as a small decrease in (psat across model lines (Figure 3-8, GoM and GB). The
transition between December and January conditions to close the cycle fit cleanly at the
monthly level (Figure 3-11) and was seen in 8-day composites (not shown), particularly in
d>Sat-lg annual trajectories. In the more dynamic and regionally variable open ocean, the
annual cycle endpoints were also in similar 4>sat-^g space and a completed pattern could be
imagined. Note, however, that monthly data during late autumn and winter months were
available from only a few of the six sites so truly closed cycles were not a possibility and
parameter magnitudes for category means were less robust at those times of year. Nonethe91

less, complete annual cycles, present to the fullest extent possible given data constraints,
served to further support the fundamental <paat-Ig relationship central to this chapter.

3.4.2

Exponential Fitting and Calculation of E T

Winter-spring and summer-autumn <^>sat-iPAR relationships were well-fit by an exponential function at the vast majority of locations throughout the region of interest. Significantly,
dSat-iPAK trajectories during both seasons appeared flattened, or less curved, at all shelf sea
sites (Figure 3-14): if compared to Morrison and Goodwin's (2010) conceptual model, the
data would consistently cross modeled </>sat-irradiance lines. Such behavior suggested an active role for photoacclimation processes at these locations and was tentatively supported by
E T results (Figure 3-22). NS and CS summer-autumn trajectories exhibited the strongest
slope, perhaps tracking along modeled lines rather than across. In contrast, five of six
open ocean sites (60N excluded) showed exponential fits with clear curvature during both
seasons (Figure 3-13). These annual cycles seemed to follow modeled <£saj-irradiance lines
for the most part, implying that phytoplankton are adjusting gradually to changes in their
light environment and not experiencing sharp shifts between photoacclimation states. The
relatively consistent E T values observed throughout the year at most open ocean locations
may corroborate this idea (Figure 3-21) or simply be an artifact of model configuration.
Superimposed on the noted broad (psat-iPAK trends were slight seasonal differences in
(psat magnitude at all shelf sea and some open ocean locations. In Morrison and Goodwin's
(2010) model, when photoacclimated to lower light conditions cells exhibited a lower 4>sat a t
a given iPAR if compared to cells adjusted to a higher irradiance level. When a certain iPAR
level was reached during the winter or early spring, the concurrent Ig was lower than that of
the late summer or autumn (Figures 3-7 and 3-8). Phytoplankton were therefore in a lower
photoacclimation state during the winter-spring time period than the summer-autumn one,
yielding two seasonal exponential fits of different slope and intercept (Figures 3-13 and 314) with higher <psat values driving higher intercept magnitudes for many summer-autumn
trajectories. The one site not exhibiting this photoacclimation effect was 40N, for which
the annual cycle was the reverse of all other locations, with higher (psat levels during the
winter-spring and a lower magnitude but more steeply sloped curve for the second half
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of the year (Figures 3-7 and 3-13). Whether this "backwards" cycle would be typical of
mid-latitude or subtropical gyre locations was not determinable for lack of quality data;
alternatively, 40N may experience a unique sequence of hydrographic changes over the year
that result in the observed annual (pSat pattern.
The model utilized for calculation of E T is inherently imperfect as it was based on
estimated key parameters (<pfmax, Efci etc.) for which values from mixed phytoplankton
communities under natural conditions do not exist. Selected parameter values were initially
applied to data from the GoM (Morrison and Goodwin, 2010) and therefore were not a
good fit for other locations; high quality results across the North Atlantic basin were not
expected. One area of uncertainty was the threshold lg level for variable qj - while a single
threshold (lg > 500 fimol photons m - 2 s _ 1 ) was used in this model implementation, the
case could be made for multiple levels of q/ over the total range of experienced lg conditions.
However, laboratory or field measurements are not presently available to support or quantify
such a step-wise or continuous function so the simplistic alternative was imposed. As noted
above, E T dynamics appeared different in open ocean areas than shelf seas. Specifically, E T
did not increase consistently with higher lg; multiple potential explanations exist, including
possible incorrect model assumptions, the need for varied parameterizations tailored to
different regions of the basin or underlying hydrographic or ecological conditions, or a lack
of photoacclimation by the phytoplankton populations in the open ocean detectable in
monthly climatologies.
While it was decided that pursuing comprehensive explanations for observed E T variability was impractical on the basis of a single, simple and minimally-validated model, this
analysis yielded in two valuable findings. The GoM-parameterized model of Morrison and
Goodwin (2010) might prove useful in other shelf sea environments - plots for GB and
GoSL (Figure 3-22) appeared reasonable at first glance - but is not broadly applicable to all
areas of the world's oceans. The fundamental premises that E T increases with increasing
Ig and photoacclimation and photoadaptation are major drivers of the (psat annual cycle
are nonetheless sound. Furthermore, the observations presented here may be interpreted
to suggest that the photophysiological dynamics of phytoplankton populations in the shelf
seas and open ocean regions differ in significant ways.
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3.4.3

Exploratory Cluster Analysis

The cluster analysis component of this project showed that <z>sat-irradiance relationships
and dynamics vary across regions of the northern North Atlantic. Explored with only four
clusters, the shelf seas stood distinct from the open ocean areas, which in turn were clearly
divided into the northern and southern sections of the region of interest; the fourth cluster
was scattered throughout the other three and less geographically definable (Figure 3-19).
Others have examined large scale hydrographic and biological conditions in an effort to
subdivide the world's oceans into meaningful regions (Longhurst, 2007: Oliver and Irwin,
2008) and it is potentially informative to compare the cluster analysis results with theirs.
The northern portion of the North Atlantic investigated here comprises four Longhurstian provinces within the westerlies and polar biomes: Northwest Atlantic Shelves (NWCS),
Northeast Atlantic Shelves (NECS). North Atlantic Drift (NADR) and Atlantic Arctic
(ARCT) (Longhurst. 2007; Figure 3-24). Along the NWCS (here, GoM. GoSL and GB),
tidal mixing has the potential to minimize stratification, though that effect was not strongly
observed in the temporal composites examined for this study (Figure 3-8). Dynamic conditions and variable circulation are experienced throughout the region, including Gulf Stream
and locally-derived eddies, seasonal ice cover, the Labrador Current, wind-driven and bankassociated upwelling. and freshwater inputs. Spring and autumn phytoplankton blooms are
characteristic and over deep GoM basins these events can precede vernal stratification during periods of otherwise low turbulence.
The NECS, including this project's NS and CS, is topographically dominated by glacial
canyons and deposits and hydrographically controlled by tidal forces in the west and freshwater inputs in the east (Longhurst, 2007). Tidally-infiuenced regions experience highly
variable tidal amplitudes carrying substantial energy onto the shelf. As a result, winter
mixing may reach the shelf bottom and summer heat-induced stratification may not occur; both sites explored here exhibit strong seasonal changes in water column structure,
with deeper winter MLDs resulting in lower I s 's than their NWCS counterparts (Table
3.2) though it is possible that modeled MLDs do not effectively capture or integrate tidal
influences.
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Figure 3-24: Approximate boundaries of Longhurst's (2007) northern North Atlantic biogeographic provinces (map after similar figure in Longhurst. 2007). GFST = Gulf Stream;
NASE = North Atlantic Subtropical Gyre - East; NWCS = Northwestern Atlantic Shelves;
NADR = North Atlantic Drift; ARCT = Atlantic Arctic; SARC = Atlantic Subarctic; and
NECS = Northeast Atlantic Shelves. The East and West Greenland Currents, as well as
northern Labrador Sea were excluded as they experience extreme polar conditions.
In all shelf regions, spring Ig was slower to increase than in the open ocean as increased
attenuation from high bloom chlorophyll concentrations dominated the system (Figures
3-7 and 3-8).

As continental shelf breaks are recognized regions of increased dynamic

circulation and changes in chemical and hydrographic conditions (Longhurst, 2007), the
shelf sea study sites employed in this project were all located so as to avoid the influence
of persistent abrupt fronts. However, smaller scale and transient front, plume or current
systems may yet have impacted the areas: if so, the effects more likely contributed to
interannual variability (explored in Chapter Four) than the seven-year climatological values
examined in this chapter.
Spanning the basin from seaward of the Grand Banks to the Shetland Islands and south
to the North Atlantic Current at approximately 42°N (portions of both transects examined
here, including 50N, 40N, 30W and 20W). the NADR encompasses a vast region across
which surface waters slowly drift northeast towards Iceland (Figures 3-1 and 3-24; Tomczak, 2002). In this area, seasonal temperature differences are greatest and mesoscale eddies
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a dominant force on oceanographic conditions of all types (Longhurst, 2007). Very deep
winter mixing results in permanent deep stratification layers; spring MLD shoaling is more
patchy and locally-driven than suggested by climatological values. Offshore chlorophyll concentrations tended to be greatest within the remnant Gulf Stream eddy field and along the
fronts generated by North Atlantic Current jets, though spatial and temporal variability is
tremendous throughout the NADR (Figure 3-6). Sites in this region exhibited weaker spring
phytoplankton blooms superimposed on a moderately static chlorophyll level throughout
the year (Figure 3-7).
Longhurst's (2007) ARCT province extends from Newfoundland's Flemish Cap to Spitzbergen, Norway and covers two cyclonic subpolar gyres (the Labrador and Irminger Seas as
well as the area northeast of Iceland), the offshore edge of the Greenland coastal currents,
and the subarctic front. Study sites 60N and SOW were within this zone. Strong eddy fields
and current-associated fronts throughout the region drive mesoscale chlorophyll dynamics.
Deep winter mixing results in high spring nutrient levels, though seasonal ice cover dictates
the timing of the vernal phytoplankton bloom; in this analysis, the spring chlorophyll peak
occurred at least one month later than at more southerly or coastal sites (Figure 3-7).
Longhurst's (2007) province boundaries were intended to represent the mean locations of
provinces, but his descriptions do not delve into their temporal or spatial dynamics. Oliver
and Irwin (2008) applied five years of the MODIS data archive to addressing this missing
component, utilizing sea surface temperature and ocean color radiance data to identify
biogeographical regions through cluster analysis (method detailed in Oliver et. al., 2004).
They verified the locations of predicted province boundaries with in situ measurements
and observed reasonable responses to large-scale climate forces (Oliver and Irwin, 2008),
thus supporting the effectiveness of such an approach. Most notably, Oliver and Irwin's
(2008) investigation identified far more than then the four above defined major Longhurstian
provinces in the northern North Atlantic (Figure 3-25), particularly in the southeastern
portion of the region.

When viewed in animation form, the highly dynamic (spatially

and temporally) nature of this zone became even clearer; increased variability in lg and
(psat across the NADR (i.e., 30W and 20WT) understandably followed. The monthly and
annual biogeographic province maps generated for Oliver and Irwin (2008) were available
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at http://data.mmab.ca/, as well as the corresponding animations.
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Figure 3-25: Pseudo-climatological biogeographic provinces from Oliver and Irwin's (2008)
analysis of MODIS/Aqua sea surface temperature and ocean color radiance data. Map
shown was calculated as the pixel-based mode of five annual maps; each color represents a
different province.
Based on the latitudes/longitudes of the 11 study sites explored here in combination
with Oliver and Irwin's (2008) analysis, sites 50WT and 60N should bear the strongest
similarities to the shelf seas while 50N, 40N, 30W and 20W behave differently. The southeast
portion of the region of interest exhibited the greatest spatial and temporal variability in
province designation, suggesting a high level of potential for (psat variability as well. Visual
comparison of Figures 3-19 and 3-25 found considerable alignment between the two analyses
while simply applying Longhurst's (2007; Figure 3-24) boundaries was less satisfactory. Note
that Oliver and Irwin's (2008) province that encompassed the shelf seas also had a clear
boundary in the vicinity of the continental shelf break along, at least in the greater New
England and Canadian Maritime region, and their northern and southern open oceans were
clearly delineated.
Beyond hydrographic conditions and light levels, a variety of other factors are known
to influence (psat magnitudes as described in Chapter One. The parameterization of (psat
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implemented herein accounts for pigment packaging effects due to phytoplankton cell size
and/or accessory pigment concentrations, thus observed large-scale spatial patterns were
not caused simply by changes in algal community composition or photosynthetic capability. The next major potential contributor of interest was nutrients, despite discrepancies
in reported relationships between macronutrient stress and (psat levels (Schallenberg et.
al., 2008; Behrenfeld et. al., 2009). The World Ocean Circulation Experiment (WOCE;
http://www.ewoce.org/) has collected, analyzed and published a diverse suite of hydrographic and chemical data gathered throughout the world's oceans. As part of the World
Ocean Atlas, most recently updated in 2009, macronutrient concentrations were published
as 1° climatological fields at numerous depths for annual, seasonal and monthly time composites (Garcia et. al., 2010; www.nodc.noaa.gov/OC5/WOA09/pr_woa09). Nitrate, phosphate and silicate annual climatologies for the northern North Atlantic were obtained and
plotted in OceanDataView (Schlitzer, 2002; http://odv.awi.de/) for visual comparison with
cluster results (Figure 3-26).
A strong geographic relationship was not immediately apparent. All three macronutrients vary considerably in concentration across the study area and certainly experience
seasonal dynamics not captured in these climatological maps.

The exploratory cluster

analysis conducted as part of this project yielded the strongest dividing line between northern and southern open ocean regions around 45° N, with small excursions of the southern
cluster north towards the Celtic Sea in its northeasternmost extent and just east of the
Newfoundland shelf (Figure 3-19). Phosphate most closely tracks those boundaries, with
lowest concentrations noted south of the Gulf Stream and North Atlantic Current (Figure
3-26). Any definitive correlation between (psat and macronutrients will require a more comprehensive dataset and better understanding of the physiological processes influenced by
this stressor.
Behrenfeld et. al. (2009) found a strong relationship between elevated (psat values and
low rates of aeolian deposition of soluble iron, a reasonable correlation as iron stress in
phytoplankton has numerous physiological consequences that may influence chlorophyll fluorescence (Falkowski and Raven, 2007). However, their results do not emphasize the North
Atlantic as a region of reduced soluble iron; map representations of micronutrient data,
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North Atlantic.
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including iron, were not readily available for comparison, but Nelson (personal communication, 2009) indicated that the open ocean portions of the basin were iron limited only
sporadically and transiently. For this reason, it was expected that iron stress would not be
a major or temporally consistent factor in (psat variability. Worth noting, though, is that
iron limitation must be considered as iron available per unit demand: in the North Atlantic
subtropical gyre, a relatively oligotrophic region, iron may have been available at minimal
concentrations but phytoplankton populations were also lower and biological limitation less
likely. In more northern regions, it was possible that even higher levels of iron were not sufficient for the far more abundant phytoplankton populations. In the monthly climatologies
presented in this chapter, no study site exhibited a clear iron limitation signal in its annual
(psat cycle.

3.5

Conclusions and Extensions

Most variability in (psat in both coastal and open ocean waters can be associated with
photophysiological responses to changing iPAR and Ig. despite substantial differences in
hydrographic conditions, chlorophyll dynamics and other environmental fluctuations. Phytoplankton pigment packaging was theoretically accounted for in the (psat algorithm so was
not a primary contributor to the observed patterns. Large-scale features were evident in the
climatological seasonal (psat cycle and present throughout each local time series, but distinct
differences in timing and magnitude of (psat responses to changing Ig were also observed.
(psat exhibited patterns along a latitudinal gradient but moderate consistency was also observed across the northern North Atlantic. Other recognized (psat forcing factors (nutrients,
iron availability, taxonomic differences in photoacclimation responses, and more) played a
role but, like in Morrison and Goodwin (2010), their influence was likely minimal over the
month-long time scales, seasonal cycles and climatologies examined here. One probable
explanation was that nutrient issues were transient, necessitating a change in the phytoplankton community in order to adapt to resource limiting conditions but any new species
must still photoacclimate to Ig. Therefore, over the longer term and larger spatial extent,
lg remained the driving force in satellite-observed photophysiological status.
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Although the focus of this thesis was (psat dynamics in the North Atlantic basin only, the
potential for application and extrapolation of relationships observed in this region to the
rest of the world's oceans remained an intriguing question throughout. For a simple firstorder comparison between basins, data was extracted for sites at 10° intervals along northsouth transects in the North Pacific (165°W), South Pacific (165°W) and South Atlantic
(25°W) Oceans (Figures 3-27 - 3-29). All related calculations were performed as in the
North Atlantic portion of the study. Mid-latitude data exhibited the same speckling and
atmospheric correction issues that forced the exclusion of these areas from primary analyses,
and therefore were not included here. Latitudinal gradients in (psat magnitude as well as
overall patterns were very similar across all four ocean basins, with the most northerly
sites (60°N and S) exhibiting the greatest between-basin variability. Accordingly, this (psat
product appeared suitable for use at the monthly time scale and over carefully selected
spatial extents beyond the scope of what was explored in this thesis.
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CHAPTER 4
I N T E R A N N U A L VARIABILITY IN (/)sat
4.1

Background

The physical and chemical dynamics of the ocean environment often have critical roles in
fluctuations

in ecosystem structure, function and persistence. Phytoplankton physiological

variability manifests responses to a wide array of events at the mesoscale. In the open ocean,
horizontal gradients are small and vertical processes control the distribution of heat, salt,
nutrients and other factors. On continental shelves, however, advection of water and large
horizontal gradients play a large part in determining the mosaic-like property distributions.
Eegardless of location, phytoplankton inevitably experience different conditions in a given
season from year to year: interannual variability in (psat, like all other satellite-derived
oceanographic parameters, was inherent in the product but its magnitude and extent were
previously unknown. Prior to reprocessing 2009.1, the existing multi-year MODIS nFLH
dataset exhibited a rising trend presumed due to satellite sensor issues. This problem was at
least moderately well resolved (B. Franz, personal communication, 2010) and the resulting
nFLH product deemed appropriate for analysis of interannual variability at local, regional
and global scales.
In complement to the efforts outlined in Chapter Three, this investigation qualitatively
described the interannual variability in the basin-scale 6sat fields over the seven year study
period. Time series of monthly (psat composite maps, as well as the associated climatological
standard deviations and anomalies, allowed direct comparison of interannual differences in
both spatial and temporal patterns. Focused examinations at the suite of open ocean and
shelf sea sites utilized in Chapter Three highlighted variability in major seasonal features.
The hypothesis explored was that interannual variability in <psat was primarily determined
by interannual variability in photoacclimation to lg, although it was not the objective of this
work to attribute observed variability to any specific physical or ecological forcing factor.
105

One certain influence over the region of interest was the North Atlantic Oscillation
(NAO), a natural pattern of atmospheric circulation variability and the most prominent
Northern Hemisphere weather and climate teleconnection. The NAO refers to changes in
the atmospheric sea level pressure difference between the Arctic and the subtropical Atlantic. The climate anomalies associated with the NAO are largest during the boreal winter
months when the atmosphere is dynamically the most active (Hurrell, 1995). NAO phase
shifts produce fluctuations in wind speed and direction over the North Atlantic that significantly alter the transport of heat and moisture throughout the hemisphere (Drinkwater
et. al., 2003; Hurrell et. al., 2003). When the index is positive, the Icelandic Low between
Iceland and Greenland is deeper and more persistent than normal; the stronger circulation around the low pressure area brings colder air to the Labrador Sea and anomalously
warm air to European regions. This phase is associated with stronger than average westerly
winds across the middle latitudes of the Atlantic into Europe, with anomalous flows over
both the eastern United States (southerly) and western Greenland, the Canadian Arctic
and the Mediterranean (northerly; Hurrell et. al., 2003). Furthermore, colder air over the
northwestern North Atlantic drives deeper surface mixed layers, particularly after several sequential positive phase winters. Mixed layer depths tend to be concurrently shallower in the
Greenland Sea as warmer air limits winter heat loss. Generally, the opposite hydrographic
and temperature patterns are seen during negative index periods.
Fluctuations associated with the NAO are also accompanied by changes in the intensity
and paths of storms; positive index winters show a northeastward shift in Atlantic storm
activity, with enhanced action from southern Greenland across Iceland into northern Europe and a modest decrease in activity from the Azores across the Iberian Peninsula and
the Mediterranean. More intense and frequent storms in the vicinity of Iceland and the
Norwegian Sea are also typical (Hurrell et. al., 2003). The ocean realizes the effects of
storms in the form of surface waves and wind-driven mixing, resulting in increased wave
heights over the northeast Atlantic during positive NAO phases and decreased wave heights
south of 40°N. While perhaps less central to this research, it is important to note that the
NAO also influences sea surface temperature and salinity characteristics, Arctic ice extent,
and precipitation, among others; significantly, as the NAO can simultaneously alter several
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portions of the North Atlantic basin in different ways, its impacts vary geographically. Biological implications of the NAO will be addressed in the context of (psat data in Section
4.4.

4.2
4.2.1

Analytical M e t h o d s
M u l t i - y e a r M o n t h l y (psat T i m e S e r i e s

The seven year (January 2003 - December 2009) time series of monthly composite (psat,
Ig and MLD maps for the northern North Atlantic were obtained as described in Section 2.1.
Annual (psat values were visualized in four panels of maps (Figure 4-1) as well as site-specific
multi-year plots (Figure 4-2).

4.2.2

C l i m a t o l o g i c a l cpsat S t a n d a r d D e v i a t i o n s

Climatological monthly (psat standard deviations were determined as the standard deviation of the seven annual values for each calendar month that had been utilized to generate
the corresponding archive climatology. Standard deviations were examined with an AN OVA
in order to better describe seasonal differences in (psat variability over the time series.

4.2.3

Anomalies

Monthly (psat, Ig and MLD anomalies were calculated over the time series by subtracting
the monthly climatological mean from each monthly composite value. As such, negative
anomalies indicated annual magnitudes lower than the climatology while positive anomalies occurred when annual values exceeded the climatology. For example, negative MLD
anomalies meant shallower stratification and positive Ig anomalies found more intense light
levels.

4.2.4

Empirical Orthogonal Function (EOF) Analysis

Biological oceanographic conditions and their variations were the result of exceedingly
complex interactions between myriad factors and modes of change. Despite being the averages of many days' measurements, monthly satellite composite time series were characterized
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by high dimensionality; one challenging objective was to reduce the degrees of the system
and find the most important explanatory patterns. Empirical Orthogonal Function (EOF)
analysis offered one approach to this goal, the initial purpose of which was to reduce the
large number of variables in the original data to a only a few without compromising much
of the explained variance. EOFs have been utilized in atmospheric and climate science for
several decades and, more recently, applied to remote sensing oceanographic records (i.e.,
Thomas et. al., 2003; Brickley and Thomas 2004). Beyond its fundamental simplification
use, EOF analysis has been used to extract individual modes of variability such as the
Arctic Oscillation (Thompson and Wallace, 1998; Thompson and Wallace, 2000).
(psat interannual variability was examined using an EOF decomposition of eight months
from the seven year monthly time series, which excluded the winter season (November February) when light limitation reduced satellite data availability at northern latitudes.
This March - October subset was selected to maximize the spatial extent (35°N - 65°N) of
included data while retaining as much of the seasonal cycle as possible. As E O F requires
complete matrices and cannot skip over missing values, if data from all months were included the latitude range was limited to 35° N - 46° N. In order to further satisfy the need
for complete data, gaps in individual monthly images were filled using spring metaphor
interpolation; the majority of missing points were in southern regions throughout the year
and scattered over the northern extent during spring and fall months. The resulting maps
were composited to 36 km spatial resolution to meet computing capacity requirements.
In preparation for EOF, the three-dimensional data array ((psat values over time, latitude and longitude) was transformed into a two-dimensional matrix wherein the two spatial
dimensions were concatenated together. In this orientation, each row of the matrix represented one time step and each column a different pixel location. The climatological mean of
the entire time series at each spatial position was determined and subtracted from monthly
values to yield the detrended anomaly field. Once the anomaly data matrix was found, the
covariance matrix was defined. The aim of the generic EOF analysis is to find the linear
combination of all variables (i.e., grid points) that explains maximum variance, essentially
an eigenvalue problem. As solving an eigenvalue problem by direct covariance matrix calculation is memory-intensive with large datasets, the computationally-efficient singular value
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decomposition method was here used instead to calculate the same results (eigenvectors, or
EOFs representing spatial variability; eigenvalues; and time-varying amplitudes, or principal components; Thomas et. al., 2003; Brickley and Thomas, 2004).
The eigenvalue corresponding to a given EOF provides a measure of explained variance,
typically expressed as a percentage; in practice, only the leading EOFs explaining the
greatest amount of variance are considered and lesser modes omitted in interpretation. By
construction, each EOF mode is orthogonal and the principal components uncorrelated: as
such, no simultaneous temporal correlation exists between any two principal components
or, likewise, no spatial correlations between any two EOFs (Brickley and Thomas, 2004).
This property constitutes a strong constraint that limits the physical interpretability of
individual EOFs since in general physical patterns tend to be non-orthogonal. Although
EOFs represent patterns that successively explain most of the observed variability, their
interpretation is not simple. The EOF magnitudes do not reflect the local behavior of the
data, such that values of the same sign at two different spatial points do not imply that those
locations are significantly correlated (Thomas et. al., 2003). EOFs are stationary structures
that do not evolve in time. The principal component attached to the corresponding E O F
provides the sign and overall amplitude of the EOF as a function of time.

4.3

Results

4.3.1

M u l t i - y e a r M o n t h l y (psat T i m e S e r i e s

The climatological annual cycle of (psat in the northern North Atlantic (35°N - 80°N,
80°W - 10°E) was presented as a 12 month time series in Chapter Three (Figure 3-3);
individual monthly composites from the seven examined years of MODIS/Aqua coverage
allowed direct comparison of interannual differences in patterns (Figure 4-1). Over the
course of the year, <psat values trended from high during winter months to low in the early
to mid-summer, with open ocean regions exhibiting the greatest range of magnitudes. At
all times, (psat levels in coastal and continental shelf waters were lower than those offshore,
although the same annual pattern was present.

Large-scale features evident in the cli-

matological seasonal cycle were observed each year, but distinct interannual differences in
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spatial extent, (psat magnitude and timing of annual maxima, minima and transitions were
evident. Likewise, the patchy and spatially-dynamic nature of the open ocean region was
emphasized in these images, with mesoscale variability present in all months of all years.
Central and southern open ocean areas were most visibly heterogeneous, as well as having
the most missing data (Figure 4-1). Substantial data were also absent from the Labrador
and Norwegian Seas in many months.
As data from the northern portion of the study region were not available during winter
months, it was difficult to precisely track the winter-spring and summer-autumn transitions
as they occurred along a latitudinal gradient.

From those visible months, however, it

appeared that the most northerly offshore waters in the Greenland and Norwegian Seas
were among the last to experience a distinct (psat decrease during the spring (April) and
first to increase again in autumn (August - September; Figure 4-1). In contrast, more
subtropical areas transitioned from higher to lower (psat values in March and October.
One striking trend visible in the late autumn and early winter (November - January)
monthly time series was a decline in the annual maximum (psat

ove

r the period studied

(Figure 4-1). The first three years of the sequence, 2003 - 2005, showed highest values
up to twice as large as during 2006 - 2008 throughout much of the open ocean region of
interest. Coastal waters may have experienced a similar pattern, though more difficult to
discern in these images. Summer (psat minima do not appear to have varied in the same
manner, holding approximately constant over all seven years. Spatial and temporal patterns
of (pSat interannual variability were considered in several ways in light of the observations
from Figure 4-1: seasonal differences in variability were evaluated and long term trends
described.

4.3.2

I n t e r a n n u a l V a r i a b i l i t y i n M o n t h l y (psat

Differences in the seasonal cycle were quantified at 11 shelf sea and open ocean locations
(Figure 4-2). All areas exhibited the clear annual pattern noted in Chapter 3 and Figure
4-1, with highest <psat levels during winter months and lowest in summer. The latitudinallymodulated timing of the summer-autumn transition, characterized by increasing <psat as lg
decreased with deeper water column mixing, was readily seen the open ocean portion of
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Figures 4-2 (right panel). The autumn rise in <psat magnitude commenced in August at 60N,
before or in September at locations near 50°N but not until October at 40N. Despite other
fluctuations,

the onset timing of the summer-autumn transition did not vary interannually.

Several sites were very consistent across all examined years (i.e., NS and 50Wr), with their
greatest variability during winter months; other locations exhibited considerable variability
during all seasons (i.e., 60N, 30W and GB). In all shelf sea areas, the late autumn and
winter time period was most different from year to year, with (psat maxima in October,
November or December and variable ranges of change between months along this steepest
portion of the annual cycle (Figure 4-2). GoM and GB showed the greatest spring and
summer variability of all shelf seas, though never of the extent observed in other seasons.
Open ocean locations ranged more widely in their interannual variability. At 50N and 50W,
spring, summer and autumn (psat levels aligned across all years: differences were noted only
in the magnitude of the winter (psat increase. In the more southeastern portion of the study
area, however, distinct differences were evident in both the timing and extent of seasonal
changes, particularly during autumn and winter. Occasional summer <psat peaks were seen
at several sites (i.e., 40N in 2003, 30W in 2008, and GB and NS in 2005) though values did
not remain elevated for more than one month.
Similar patterns were noted in seven years of 8-day composites (data not shown). All
sites regardless of location showed the anticipated greater variability at the 8-day time
interval than the monthly.

Certain years appeared to have been more dynamic across

multiple sites: for example, 2008 contained the most fluctuations and greatest number of
transient peaks of all examined years at 50N, 30W, 20W and CS while also being noticeably
variable at GB, NS, 50W and 40N. This behavior no doubt influenced the 2008 monthly
time series, which was among the most variable (Figure 4-2). GoM and GoSL exhibited
the most consistent 8-day records, strikingly so at the latter during spring and summer
months; more interannual variability was present at open ocean locations than shelf seas at
this temporal scale.
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4.3.3

C l i m a t o l o g i c a l <psat S t a n d a r d D e v i a t i o n s

Seasonal differences in interannual vaiiability noted in Section 4.3.2 were further examined through analysis of the monthly climatological (psat standard deviations at the 11
study sites (Figure 4-3). Greater variability, seen as higher standard deviations, was noted
during late autumn and winter months (November - February) and more consistent d>sat
levels through the rest of the year, results in alignment with the time series summarized in
Figures 4-2.
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Figure 4 - 3 : Monthly MODIS/Aqua-derived (psat climatologies and climatological standard
deviations showing temporal patterns in variability for five shelf sea sites (left panel; Gulf
of Maine (GoM). Grand Banks (GB), Gulf of St. Lawrence (GoSL), North Sea (NS) and
Celtic Sea (CS)) and six open ocean sites (right panel; 60N, 50W, 50N, 30W, 20W and
40N). Note different y-axis scales between panels.
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Visually, winter and summer <pSat variability appeared different in Figures 4-2 and 4-3.
ANOVA analyses were used to statistically evaluate this observation. Open ocean and shelf
sea sites were considered separate groups in this process as seasonal differences were the
important question; winter (December - February) and summer (June - August) standard
deviations from all sites within each category were compiled and their respective means
compared. In the open ocean, summer (mean = 0.00117) and winter (mean = 0.00212)
standard deviations were found significantly different (p = 0.005). Likewise, shelf sea summer (mean = 0.00647) and winter (mean = 0.00111) values were statistically different (p =
0.001).

4.3.4

Anomalies

The seven year monthly (psat anomaly time series (Figure 4-7) showed strong anomalies
during late autumn and winter months (November - February) at most sites and weaker
anomalies in the summer. Furthermore, winter anomalies shifted from generally positive
during 2003 - 2005 to mostly negative through 2006 - 2008. 2009 began negative and concluded positive. The shift in sign was most clear at open ocean locations where anomalies
were of greater magnitude than those observed in the shelf seas, although most coastal regions also exhibited a declining trend in winter anomalies; the GoM, GoSL and NS appeared
most stable over the entire time period (Figure 4-7). Notably, anomalies at most locations
- open ocean as well as shelf sea - fluctuated in sign and approximate magnitude with very
similar timing.
In an effort to better understand potential driving forces behind the interannual pSat
variability observed in the anomaly time series, comparable sequences were compiled for
MLD and Ig (Figures 4-5 and 4-6). As noted in Section 4.2.3, the sign of reported anomaly
values was important for interpretation of both MLD and Ig dynamics and potential relationships. Positive MLD anomalies indicated deeper than climatological mixing in a given
month; negative anomalies marked shallower stratification conditions. Likewise, positive lg
anomalies represented times of higher than normal irradiance while under negative anomalies, less light was available. Without accounting for changes in other input parameters to
the Ig equation (i.e., K^), negative MLD anomalies were expected to correspond temporally
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Figure 4-4: Seven years of MODIS/Aqua-derived </>sat monthly anomalies at five shelf sea
sites (left panel; Gulf of Maine (GoM), Grand Banks (GB), Gulf of St. Lawrence (GoSL),
North Sea (NS) and Celtic Sea (CS)) and six open ocean sites (right panel; 60N, 50W, 50N,
30W, 20W and 40N). Note interannual variability in both magnitude and sign of anomaly.
Vertical dashed lines represent January of each year; positive anomalies shown in blue and
negative in red.
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Figure 4-6: Seven years of Ig monthly anomalies (fi mol photons m - 2 s _ 1 ) at five shelf sea
sites (left panel; Gulf of Maine (GoM), Grand Banks (GB), Gulf of St. Lawrence (GoSL),
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30W, 20W and 40N). Note interannual variability in both magnitude and sign of anomaly.
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negative in red.
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with positive Ig anomalies as less intense vertical mixing should yield increased light exposure for phytoplankton; the reverse was equally anticipated. If <psat varied primarily with
Ig, as hypothesized, positive l^ and negative (psat anomalies should align.
MLD anomalies were far greater in magnitude at open ocean sites than shelf seas, which
corresponded to the overall range of observed values in each location. During the first
few years of the time series, stronger MLD anomalies were observed but 2006 - 2009 were
relatively stable at all sites except 60N (Figure 4-5). Shelf sea sites showed mostly even
MLDs over the time period of study, with a few larger excursions (i.e., GoM 2003 and
CS 2005). Generally, trends in MLD anomalies did not align temporally with the larger
patterns noted in (psatIg anomalies exhibited considerably more variability (Figure 4-6), with summer values
often negative and winter positive at several locations (i.e.. GoM, GoSL, 60N and 40N).
Additionally, summer Ig anomalies from the last two years (2008 and 2009) were more
strongly negative than at any time since 2003; this was particularly visible at 30W, 20W
and CS. No clear long term trend was found in the Ig anomaly record.
As fundamental relationships were expected to hold between MLD, Ig and (t>sat anomalies, simple comparisons were plotted (Figure 4-7) with summer and winter anomalies examined independently to isolate any possible influence of NAO. Both winter and summer
MLD-Lj anomaly comparisons showed the recognized first-order behavior: positive MLD
anomalies (deeper than normal mixing) aligned with negative Ig values (lower irradiance
levels), and the inverse (Figure 4-7, upper panels). The slopes of the seasonal relationships
were dramatically different, particularly in the open ocean, suggesting that there winter lg
dynamics were influenced by additional factors (i.e., Kd)- Ig- (bsat anomalies, however, did
not display any clear relationship during either season at both locations (Figure 4-7; lower
panels). Anomalies were scattered throughout the variable space of the plots and good
alignment was not found even at individual sites. Controls on (psat were thus determined
more complex on an interannual basis than had been predicted.
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4.3.5

E O F Analysis

Dominant temporal/spatial patterns of variability over the study area and time period
were summarized quantitatively using an empirical orthogonal function (EOF) decomposition of the non-winter (March - October) monthly climatology image time series. Results of
the EOF analysis partitioned the variance into a group of orthogonal modes, each having a
spatial pattern modulated by an associated time series, which explained a decreasing percentage of the total variance present in the original temporal/spatial image series. The first
two modes of the E O F analysis together explained ^ 3 4 % of the total (psat variance (Figure
4-8) and isolated dominant space/time features of the seasonal and interannual variability
(Figures 4-9 and 4-10).
1

1

1

I

i

02

\
0 15

-

r

-

01

>

•

0.05

n

•[

*
10

20

30
EOF mode

40

50

60

Figure 4-8: Eigenvalues for MODIS/Aqua-derived <psat March - October monthly climatology time series EOF analysis. Mode 1 explained 22.3% of the variability, mode 2 14.9%,
and so on. Only the most dominant modes were examined further.
The spatial pattern of the first mode (22.3% of variance; Figure 4-9, top panel) revealed
the open ocean intensified (psat evident in the climatological seasonal cycle, with highest values across the turbulent North Atlantic Drift and Gulf Stream regions (Longhurst, 2007) as
well as in the Labrador Sea. Mesoscale variability was prominent in this mode and extended
throughout the study area. The first mode was weakest over the northeast and northwest
Atlantic continental shelves in addition to portions of the Irminger and Norweigian Seas.
The amplitude time series showed this pattern was modulated by a general seasonal cycle.
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with minima during summer months and a peak in autumn (Figure 4-10, upper panel).
Strongest years were 2003 - 2005. with lower strength cycles during the last four years.
The second mode (14.9% of variance) likewise showed a north-south divided pattern
with maxima across the central open ocean portion of the study region and small patches
elsewhere (Figure 4-9, lower panel). Weaker areas covered the Labrador, Irminger and
Greenland Seas. Seasonally-characterized as well, this mode has been of approximately even
strength for the duration of the study period (Figure 4-10, lower panel). The annual cycle
reached its maximum during late winter and sharply declined to a mid-summer minimum.
Influential parameters such as MLD and irradiance conditions followed similar patterns and
could be envisioned as central to the overall 6sat dynamics captured by the E O F process.

4.4

Discussion

Climatological monthly composites computed from seven years (January 2003 - December 2009) of MODIS/Aqua-derived (psat observations provided the most comprehensive
views of seasonal and interannual variability over the northern North Atlantic to date.
Winter values exhibited greater variability across all years as well as an overall negative
trend; summer magnitudes differed far less and appeared moderately consistent during the
examined time period. The dominant spatial pattern included coherent shelf seas at generally lower (psat levels than open ocean regions and less distinct geographic heterogeneity.
Corroborating map-based observations, climatological (psat standard deviations were more
variable and of greatest magnitude during late autumn and winter months while minimal
and consistent from at least May to September.
E O F analysis was a useful technique for compressing the spatial and temporal variability of time series data down to the strongest statistical modes. While the resulting E O F
modes did not necessarily correspond to direct physical forcing mechanisms, partitioning
the spatial and temporal variance of a data set into modes revealed spatial functions having
time-varying amplitudes that can be interpreted in relation to physical processes. Most significantly, the EOF conducted here strongly delineated the basin into northern and southern
open ocean regions and, further, isolated the shelf seas in Mode 1. Seasonally-dynamic fac-
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Figure 4-9: The two strongest modes (totaling 37% of the overall variance) of an empirical
orthogonal function (EOF) decomposition of the March - October monthly climatological
MODIS/Aqua-derived (psat image time series from Figure 4-1. Maps show spatial patterns
of mode strength over the nine month period. Colorbar applies to both panels.
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Figure 4-10: The two strongest modes (totaling 37% of the overall variance) of an
empirical orthogonal function (EOF) decomposition of the March - October monthly climatological MODIS/Aqua-derived (psat image time series from Figure 4-1. Time scries show
the temporal modulation of each mode over the nine month period.
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tors drove the observed variability, as evidenced by the time components of each mode, but
have been relatively consistent over the past seven years. This precluded, at least surficially, a role for NAO as a contributor to dominant E O F patterns. Interestingly, a four
group cluster analysis conducted on the EOFs of dominant Modes 1 and 2 yielded spatial
patterns not unlike those of the seasonal cycle-based analysis presented in Chapter Three
(Figures 3-19 and 4-11). Northern and southern open ocean regions appeared distinct with
this approach as well, but the shelf seas were less well-resolved. No additional statistics
were prepared for the EOF cluster analysis as it was simply intended to assess whether two
very different analytical strategies might identify similar patterns of variability.
March/October Range EOF-based Cluster Analysis
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F i g u r e 4 - 1 1 : Results from March - October range k-means cluster analysis with four
clusters, based on input parameters from E O F Modes 1 and 2. Group colors roughly match
those of Figure 3-19, to which this figure may be compared regarding the relative spatial
distributions of the resulting groups.

As described in Drinkwater et. al. (2003), effects of the NAO on marine ecosystems were
typically mediated through local changes in the physical environment (winds, ocean temperatures, circulation patterns, etc). Geographic complexity in these physical responses in
turn led to spatial differences in biological responses. Recent studies examining the linkages
between phytoplankton community structure, timing of the spring bloom, and magnitude
of primary production and the NAO were summarized by Drinkwater et. al. (2003). Relationships between the abundance of various algal taxa and atmospheric conditions were
noted by Colebrook et. al. (1984) and Dickson et. al. (1988), who found declining populations during times of increased winds which caused a delayed spring bloom and shortened
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growing season. Edwards et. al. (2001) proposed that the NAO has a stronger influence on
phytoplankton via temperature changes rather than through winds; temperature-mediated
alterations in metabolic processes were suggested as a cause for increased primary production. Taxonomic group specific patterns have also been noted. For example, in the northeast
Atlantic and North Sea, long-term dinoflagellate abundance trends were positively correlated with NAO phase while those of diatoms were negatively associated (Edwards et. al.,
2001). An opposite finding was reported by Irigoien et. al. (2000), who noted a positive
relationship between spring diatom abundance in the English Channel and NAO index.
Previous research has also found a moderately strong relationship between spring phytoplankton bloom magnitude and MLD (Hensori et. al., 2009) throughout the subpolar region
at the core of this thesis. Within Hensori et. al.'s (2009) "transition region" (~40°N), however, no relationship between phytoplankton bloom dynamics and MLD was observed, interpreted as indicating a strong role for the latitudinally-migrating subtropical gyre boundary
which may drive the nutrient- or light-limitation regime of phytoplankton growth in any
given year. Bloom timing has also been correlated to periods of deeper MLD coincident
with a positive NAO index. The mechanism driving the observed relationship between phytoplankton bloom dynamics and the NAO was anomalous wind-driven mixing conditions
associated with changes in regional wind direction and magnitude. During positive NAO
phases, strong westerly winds resulted in deeper MLD, delaying the start of the spring
bloom by two to three weeks (Hensori et. al., 2009). As phytoplankton photophysiology in
general - including photoacclimatory responses to changing light conditions - was believed
strongly influenced by Ig, in turn driven by MLD, similar relationships may have been
present between (psat

an

d NAO. The NAO index for the time period of interest showed a

mixed suite of conditions over the past seven years. 2002 - 2005 were weakly positive, 2006
slightly negative. 2007 and 2008 moderately positive and 2009 again just negative (Figure
4-12); index values did not reach magnitudes indicative of a strong NAO in any of these
years and it was noteworthy for analytical purposes that the short MODIS-aligned time
series captures minimal variability in the overall range of possible NAO conditions.
Accurate detection of such linkages requires long-term phytoplankton datasets encompassing multiple NAO phase changes and/or a range of locations, which are not frequently
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F i g u r e 4-12: North Atlantic Oscillation (NAO) indices for past eight years. Black
lines show the National Center for Atmospheric Research's Climate Analysis Section
(NCAR) monthly index (narrow line) and running five month average (thick line); red
bars indicate the winter (December - March) annual index value from the NOAA National Centers for Environmental Prediction Climate Prediction Center (NCEP CPC).
NCAR archive available at www.cgd.ncar.edu/cas/jhurrell/indices.html; NCEP CPC data
at www.cpc.ncep.noaa.gov/data/teledoc/nao.shtml.
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available. Furthermore, determining the potential influence of the NAO on temporal events,
such as timing of the onset of the spring bloom, demands data of fine resolution in order
to identify small changes. Most extended phytoplankton population surveys were undertaken at monthly or greater intervals and therefore not sufficient for this purpose. Given
the importance of vertical mixing and stratification in both the timing of the spring bloom
and the I 5 -modulated photoacclimation processes discussed in this thesis, it was anticipated
that the NAO might be linked to interannual variability in (psat through its relationship to
wind stress and temperature. Increased strong winter winds would drive deeper seasonal
mixed layers with lower Ig while frequent storms may result in a more turbulent regime with
abundant transient mixing events; warmer surface temperatures promote earlier or more
intense stratification of the upper water column. Drinkwater et. al. (2003) noted no studies that specifically addressed physiological responses. While the strength of relationships
discussed in Drinkwater et. al. (2003) and others (e.g., Barton et. al., 2003; Henson et. al.,
2009) varied, it remained reasonable to believe that environmental forcing factors affected
by the NAO may, in turn, also impact phytoplankton photophysiology and (psat through
changes in MLD and therefore Ig. Preliminary comparisons of monthly anomalies for the
key parameters found no clear connection between variability in Ig and 4>sat- However, the
month-to-month and even year-to-year changes in phase and amplitude of the NAO were
largely unpredictable and trends may not be visible over the short MODIS/Aqua <psat time
series.

4.5

Conclusions and Extensions

The results presented here demonstrated that substantial interannual and spatial variability in (psat occurred in the North Atlantic. As a new data product, it appeared that
(psat effectively captureed both short- and long-term variability in phytoplankton photoacclimation state, as well as illustrated differences between coastal and open ocean regions.
The seasonal cycle detailed in Chapter Three was observed every year in all areas of the
North Atlantic; latitudinal modulation of incident irradiance played a central role in the
timing and abruptness of winter-spring and summer-autumn transitions between high and
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low (psat levels. The basin behaved coherently over large spatial and longer temporal scales,
but patchiness and mesoscale variability were prominent across the region, especially in the
open ocean. Noted patterns aligned well with Morrison and Goodwin's (2010) theoretical
model of phytoplankton photoacclimation as well as trends anticipated on the basis of prior
research (i.e., Behrenfeld et. al., 2009). The long-term variability of (psat

was

determined

linked in part, but not entirely to, Ig as anomalies of the two parameters did not covary
over the time series as was anticipated of a simple, dominant relationship.
One considerable challenge in assessing changes in phytoplankton physiology was relating the observed variability to the responsible physical and chemical forcings with any
certainty. As, thus far, (psat appeared closely associated with Ig, those environmental factors
controlling I g offered strong starting points for this analysis; out of the three components
of Ig, incident irradiance changed the least from year to year while K^ and MLD varied
more. Quality datasets of these parameters were essential for continued investigation of
interannual variability and satellite records as utilized here were the best source. However,
several past studies have linked changes in <pf magnitude to other environmental conditions,
including macronutrient and iron stress, or changes in phytoplankton community (Schallenberg et. al., 2008; Behrenfeld et. al., 2009). Presently, identifying and acquiring sufficient
data of both spatial and temporal extent to examine this new (psat product in the context
of such proposed non-light-driven relationships is not feasible.
Were (psat data from the mid-latitudes of consistently higher quality - that is, when
known MODIS nFLH atmospheric correction issues are resolved - a case study approach may
offer increased insight into the relative influences of hydrographic, chemical and biological
factors on (psat variability over multiple years. The Bermuda Atlantic Time-series Study
(BATS; www.bats.bios.edu) has occupied a long-term monitoring station since 1988. BATS
is representative of the western North Atlantic subtropical gyre (Steinberg et. al., 2001)
and offers a rich available data suite that may permit examination of the potential roles of
nutrient stress and changing phytoplankton community structure on (psat dynamics. In situ
hydrographic and biologic data were collected during monthly core and spring bloom cruises
and made available online following sample processing. Colorometric nitrate, nitrite and
phosphate concentrations could be used to gauge temporal variability in nutrient levels and
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identify periods of possible macro-nutrient stress in the upper water column; iron data are
unfortunately only rarely available. Visible phytoplankton pigments levels as determined
by high performance liquid chromatography could be used to explore community dynamics.
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CHAPTER 5
(psat D Y N A M I C S AT T H E S P R I N G
P H Y T O P L A N K T O N BLOOM
5.1

Background

The spring North Atlantic phytoplankton bloom is among the largest mass greenings
observed on the Earth surface, extending over scales of more than 2000km and propagating
to the north at a rate of nearly 20 km/day (Figure 5-1; Siegel et. al., 2002). This major,
basin-scale feature has been studied by many over the past decades. Research efforts have
focused on plankton community structure, biomass and productivity as well as bloom timing and meteorological and climate influences on variability (Siegel et. al., 2002; Henson
et. al., 2009; Boss and Behrenfeld, 2010). However, no investigations to date have used
satellite remote sensing to examine the photophysiological characteristics of the blooming
phytoplankton population as it experienced dramatic environmental changes.
Phytoplankton absorb light and convert it to chemical energy (i.e., ATP) and as a
result their population growth and dynamics are strongly tied to both the annual cycle and
short-term variations of the incident light environment. On any given day, the quantity of
radiation reaching the sea surface at any point is a function of the sun angle, the length of
the day, and atmospheric and weather conditions. As phytoplankton cannot control their
position in the water column, local hydrological conditions are an additional contributor to
light availability. In much of the northern North Atlantic, phytoplankton are light limited
during late fall and winter as deep vertical mixing carries algal cells far from the ocean's
surface; primary productivity is minimal. As the water column stratifies in spring, algal cells
are typically found in the upper layers and capitalize upon available nutrients and sufficient
light for photosynthesis; the resulting increase in net growth and biomass are commonly
termed the "spring bloom" (Sverdrup, 1953; Longhurst, 2007). Transient weather systems,
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eddies and other events introduce variability throughout the year, including to summer
stable water columns.

Longitude

Figure 5-1: Climatological date of the spring chlorophyll maximum across the northern
North Atlantic. Examined data were limited to January - July for the purposes of spring
bloom analyses.

Photophysiologically, the spring bloom period is highly dynamic as light conditions
change rapidly and phytoplankton must adapt continually to maximize photosynthetic activity and growth. Phytoplankton accliamted to low light conditions have lower (psat values
than those adjusted to higher growth irradiance (Ig; Morrison and Goodwin, 2010). The
winter-spring transition brings greater incident irradiance as day length and sun angle
change; Ig also increases when the water column stratifies. With such sudden and dramatic
fluctuations

in their ambient light environment, phytoplankton are expected to experience

concurrent physiological changes measurable with <psat- In specific, it was anticipated that
phytoplankton first acclimate to higher Ig, seen as an increase in <psat, before net community
productivity yields a peak biomass.
While exploring other aspects of (psat dynamics in the Gulf of Maine with a single year
of daily MODIS data, Morrison (unpublished) noticed a distinct (psat peak within four to
seven days of the spring chlorophyll maximum. This project aimed to first corroborate this
observation, then discern photoacclimation patterns around the spring bloom at a suite
of North Atlantic sites. At the locations examined, the broader seasonal trend is from
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high winter (psat to an early-to-mid-summer minimum as detailed in Chapter Three; the
bloom-associated feature investigated here is superimposed on that decline.

5.2
5.2.1

Analytical M e t h o d s
Annual and Climatological B l o o m Events

8-day composite Chl 5 a t , MLD, (psat and Ig maps for the northern region of the North
Atlantic basin (>35°N) were obtained as described in Section 2.1. Prior to March and
after October no satellite data were available for portions of this region due to the low
incident sun angle; data missing for this reason did not significantly impact the outcome
of this study due to the spring months of interest, however, the majority of 8-day maps
showed considerable cloudiness and/or poor nFLH data quality and at times large regions
were missing. Additional water column stratification data for the Gulf of Maine (GoM)
were acquired from NERACOOS Buoy M (www.neracoos.org); Aa was determined as the
difference in water densities between buoy measurements from one and 100 m.
The 11 study sites (six open ocean, five shelf sea) utilized in Chapters Three and Four
were examined in this study (see Table 3.1 and Figure 3-2 for additional details on these
locations). Reported values were geometric means, or medians, of all nonnegative nonmissing and nonlandmasked values within each region. Geometric mean was chosen over
the arithmetic mean for use with the 8-day composites to reduce the effect of single high
values (outliers) on the mean; in most situations, results were not very different from those
determined as arithmetic means.
An event-based approach was used for bloom-focused analyses to avoid signal loss during climatology generation as spring phytoplankton bloom timing naturally varied across
years. The magnitude and date of the spring chlorophyll maximum was identified and data
for other parameters of interest isolated for three 8-day intervals both before and after.
Year/days of spring chlorophyll maximum (YDchlMax)

and the corresponding pre-bloom

(Psat peak (YD^peafc) were determined on a pixel basis for the entire study region. The difference between YDchiMax and YD^peafc was used to quantify the time lag (days) between
events. The mean time lag at each pixel, as well as the percent of years with data in which
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the time lag equaled a given time interval were reported.

5.2.2

Logistic Regression

Logistic regression was applied as a means of evaluating the importance of timing in the
occurrence of the pre-bloom (psat peak. Essentially, this analysis tested the question, "for a
given event, if a q>Sat peak was seen eight (or sixteen, etc.) days ago, was it related to the
chlorophyll peak?" Most appropriate with a series of dichotomous input variables, logistic
regression does not result in a defined relationship but rather estimates the probability of a
certain event happening. Input variable requirements are far less stringent than for ordinary
linear regression; here, the total number of pixels in a given year exhibiting (psat peaks at
each time lag were divided by the total number of available good pixels that year, resulting
in a proportion of "successes" for each time interval. These proportions were the dependent
variables for the regression, while the number of days prior to the chlorophyll peak were
used as the independent variable. The analysis was run independently for each year. Due
to the small number of data points available for each year (four), the logistic regression
was here parameterized with only a linear term; were greater data available or all years
merged into one analysis, the addition of a quadratic term would permit identification of
more nuanced temporal relationships.

5.3

Results

5.3.1

Annual and Climatological B l o o m Events

A multi-year investigation of 8-day composites from the Gulf of Maine found that a
pre-bloom (psat peak was present in all years (2003 - 2009), although of variable timing
and magnitude (Figure 5-2). In four of seven years, (psat reached a peak eight days prior
to the Chlsa£ maximum: two of the remaining had (psat peaks concurrent with the Chl s a t
while the last occurred 16 days before the bloom. 2003, 2006. 2007 and 2008 exhibited
the highest magnitude pre-bloom (psat peaks (> 0.0004) but the comparable event in 2004
was more difficult to discern. (psat increases during these events were generally aligned with
strong changes in water column stratification, although well-resolved temporal data were
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not always available. In years with Buoy M ACT values, such as 2007 and 2008, sharp peaks
in (paat followed dramatic shifts in the density difference between water at the surface and
100 m, indicative of the onset of stratification (Figure 5-2).
Open ocean site 40N exhibited similar but more variable <psat behavior prior to the spring
chlorophyll maximum (Figure 5-3). The <psat peaks noted at this location ranged widely in
both magnitude and date, not altogether surprising for a location known to experience a
diversity of hydrographic conditions, surface currents and eddy activity. On five occasions,
the pre-bloom peak occurred 16 days prior to that of Chl s a j, two of those were sharp,
distinct peaks one week in duration (2006 and 2009) while the other three were broad,
gentle increases that remained at approximately the same magnitude for two or three 8-day
periods (2004, 2005 and 2008). The final two years showed (psat peaks concurrent with
the bloom (Figure 5-3). In nearly every year, a corresponding change in MLD preceded
or accompanied the (psat increases; the magnitude or steepness of MLD shoaling did not
appear to relate directly to the intensity of the (psat peak at this site.
The remaining shelf sea and open ocean sites were similarly examined (plots of all years
are at the end of Chapter Five; Figures 5-10 - 5-18). In both climatological and annual
analyses at all examined sites, a (psat peak was observed prior to the spring chlorophyll
maximum and temporally aligned with sharp changes in water column stratification (Figures
5-4 and 5-5). Pre-bloom (psat peaks occurred within two weeks of the chlorophyll maximum
96% of the time (Table 5.1). In many cases, a decline in <psat was found during the chlorophyll
maximum; 64% of annual events also included a second, more variable post-bloom <psat
increase (Table 5.1). The post-bloom peak occurred similarly often at open ocean (48%)
and shelf sea (51%) locations.
Considerable spatial and interannual variability were also observed in the magnitude of
the pre-bloom <psat increase (Figures 5-10 - 5-18). In event-based climatologies, the highest
pre-bloom (psat levels were seen at 20W, 30W and 40N while 50N and 60N exhibited the
smallest <psat changes (Figures 5-4 and 5-5). Among shelf sea locations, GB and CS showed
the strongest (psat increases over multiple years although distinct pre-bloom (psat peaks were
observed at all sites. Consistent with findings presented in Chapters Three and Four, open
ocean (psat values were nearly always higher than those at shelf sea sites (Figure 5-6). The
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Figure 5-2: Gulf of Maine 8-day event-based Chl s a f (mg m
'J sat water column stratification (ACT, density difference between one
and 100m) and Ig (fi mol photons m~ 2 s _ 1 ) for seven years and the climatology. All subplots show three 8-day intervals before and after
the spring chlorophyll maximum. Legend applies to all subplots; mixed layer depth shown for 2003, 2005 and 2009 as buoy water column
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F i g u r e 5-3: 40N 8-day event-based Chl so t (mg m " 3 ) , (psat, MLD (m) and Ig (fi mol photons m""2 s 1) for seven years and the climatology.
All subplots show three 8-day intervals before and after the spring chlorophyll maximum. Legend applies to all subplots.

absolute and relative magnitudes of pre-bloom (psat peaks were not quantified.
Open ocean pre-bloom <psat increases generally occurred further in advance of the chlorophyll peak than those at shelf sea locations, though timing ranged widely within both groups
over the seven year study period (Tables 5.1 and 5.2). The average open ocean time lag between (psat and chlorophyll peaks was 10.9 days compared to 5.4 days for shelf sea sites, with
comparably different degrees of variability (standard deviations of 4.0 days and 1.8 days,
respectively). (psat peaks concurrent with the chlorophyll maximum were more common in
the shelf seas.
Spatial and interannual variability were observed in the timing of spring bloom events,
including both YDchiMax and YD^p^k

(Table 5.2). Along the latitudinal transect formed

by study sites 60N, 50N and 40N, the expected northward propagation of the spring bloom
was seen, with earlier chlorophyll maxima at the southernmost location. The magnitude of
differences in bloom timing found between the more northern two sites was less consistent.
The longitudinal transect centered at 50°N, including sites 50W, 50N, 30W and 20W,
exhibited the greatest variability in both YDchiMax and YD,ppeafc; the eastern portion of
the region was most dynamic by far with standard deviations for YDchiMax of 38.9 and
30.2 days and for YD,£peafc 35.6 and 28.2 days, respectively.
Spring bloom events generally occurred earlier in the shelf seas (mean YDchiMax = 105)
than the open ocean (mean YDchiMax = 134). GoSL and CS had the latest blooms and
moderate time lags (-~five to six days) between (psat and chloroprryll peaks, with the latter
most temporally variable as well (standard deviation for YD^peak

of 29.9 days). GoM and

GB exhibited a slightly more distant temporal relationship between pre-bloom (psat increases
and chlorophyll maxima with mean lags between six and seven days (Table 5.2). NS had
the shortest time lag (~two days) of all sites as well as the highest occurrence of concurrrent
(psat and chlorophyll peaks (5/7).
At locations with especially strong chlorophyll increases (at least 1 mg m - 3 ) , Ig, which
was generally increasing as MLD shoaled and iPAR increased, noticeably decreased during
the bloom peak due to rising light attenuation. Clear examples were seen every year at
GoM and GB, as well as several years at 50N, 50W and GoSL (Figures 5-2 and 5-10 5-18); 20W, 30W, 40N, 60N and NS, with lesser magnitude chlorophyll increases, did not
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Table 5.1: Occurrence of pre- and post-bloom photoacclimation events at 11 study sites

Site

ro

60N
50N
40N
50W
30W
20W
Gulf of Maine
Grand Banks
Gulf of St. Lawrence
North Sea
Celtic Sea

# Years <psat Increased
< 16 Days Before
Bloom
6/7
7/7
5/7
6/7
2/7
7/7
5/7
5/7
4/7
2/7
4/7

# Years <psat Increased
Concurrent
With
Bloom
0/7
0/7
2/7
0/7
5/7
0/7
2/7
1/7
3/7
5/7
3/7

# Years <psat Increased
<
16 Days
After
Bloom
2/7
7/7
1/7
5/7
2/7
3/7
2/7
5/7
4/7
2/7
5/7

exhibit this pattern when examined in 8-day composites. At the latter sites, chlorophyll
attenuation effects may have been present on shorter time scales but masked here by the
temporal averaging process. The (psat decline often observed concurrent with the Chl s a i
maximum was likely a response to the transiently lower lg as (psat again increased with
rising post-bloom Ig in a majority of events (Table 5.1).
The seven-year event-based mean time lag for the region of interest showed substantial
spatial variability (Figure 5-7), although at the highest latitudes and in some near-coastal
areas photoacclimation and biomass increase appeared closely aligned. In subpolar regions,
for example the Labrador and Irminger Seas, phytoplankton responded rapidly once seasonal
ice cover receded and light was no longer limiting. Broadly, the northwest and northeast
North Atlantic continental shelves experienced mean time lags around eight to ten days and
central open ocean areas slightly less. Spatial complexity was present throughout the basin,
understandable for a short-term, highly variable response that was surely driven by very
local conditions. Notably, few locations have mean time lags near sixteen days, supporting
the hypothesis that this is a widely-occurring event.
A second map-based approach counted the total years out of those with valid data
(maximum of seven) wherein a time lag of a certain number of days occurred (Figure 5-8).
(psat peaks in the same 8-day interval as the Cmsat peak or the one prior (lags equal to
zero or eight days) were believed strongly associated with the phytoplankton bloom. The
highest frequency of near-concurrent peaks was in the northern extremes of the region,
likely due to a small number of valid years' data. Portions of the south central open ocean
also exhibited consistently short time lags; the northeast continental shelf appeared to have
more moderate percentages over its area. Like mean time lags, this approach found a strong
degree of patchiness and complexity to the basin.

5.3.2

Logistic Regression

The resulting (31 coefficients from the annual logistic regression analyses were negative
six of seven times, indicating that the relative probability of a d>sat peak occurring decreased
the further removed from the Chlsat maximum (Table 5.3). Because (31 was found significant
(p < 0.05) in all cases, time prior to the Chlscrf peak is biologically significant to the
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T a b l e 5.2: Interannual variability in timing of the spring chlorophyll maximum and prebloom (psat peak at 11 study sites

Site
60N

YD chi Max
YD^Peak

Lag
YDchiMax

50N

Y~D<j>peak

Lag
40N

YDchiMax
YD^Peak

Lag
Y D CM Max

50W

YD<£p e a f c

Lag
30W

YDchiMax
YD^Peafc

Lag
20Wr

YDchiMax
YB^Peak

Lag
Y D c hi Max

Gulf of Maine

YD^Peak

Grand Banks

YDchiMax
YD^Peak

Lag

Lag
Gulf of St.
Lawrence
North Sea

YDchiMax
YD(f,peak

Lag
YBchlMax
YD^Peafc

Lag
Celtic Sea

YDchiMax
YD^Peak

Lag

2003
153
145
8
161
145
16
129
129
0
153
137
16
113
113
0
153
137
16
113
105
8
121
113
8
121
105
16
89
89
0
113
113
0

2004
169
None
None
121
105
16
97
81
16
121
105
16
121
113
8
193
177
16
113
105
8
105
105
0
105
105
0
73
73
0
169
169
0

2005
145
129
16
129
113
16
113
105
8
113
97
16
193
177
16
113
97
16
113
105
8
105
97
8
137
137
0
105
105
0
113
113
0
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2006
145
137
8
113
97
16
113
97
16
113
97
16
153
153
0
129
121
8
89
73
16
97
89
8
97
97
0
97
89
8
121
105
16

2007
161
153
8
113
97
16
121
121
0
129
121
8
97
97
0
105
97
8
97
97
0
105
97
8
129
121
8
81
73
8
97
97
0

2008
145
129
16
145
137
8
121
105
16
145
137
8
169
169
0
145
137
8
121
121
0
97
89
8
121
113
8
57
57
0
121
None
None

2009
161
153
8
153
137
16
97
81
16
129
None
None
89
89
0
161
145
16
97
89
8
89
None
None
105
97
8
81
81
0
97
81
16

Mean
154
141
11
134
119
15
113
103
10
129
116
13
134
130
3
145
130
13
106
99
7
103
98
7
116
111
6
83
81
2
119
113
5

SD
9.7
11.0
4.1
19.5
20.5
3.0
12.2
18.3
7.6
15.3
18.7
4.1
38.9
35.6
6.3
30.1
28.2
4.3
11.7
15.1
5.5
10.0
9.4
3.3
14.5
14.4
6.1
15.8
15.3
3.9
24.3
29.9
8.3
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Figure 5-7: The seven-year event-based mean time lag (days) calculated as the difference between YDchiMax and YD^Pe^ on a pixel
basis. Black pixels represent missing data.
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Table 5.3: Logistic regression statistics for coefficient (31

Year
2003
2004
2005
2006
2007
2008
2009

(31
-0.1133
-0.0376
-0.0287
-0.0082
-0.0172
-0.0150
0.0007

(31 Standard Error
0.0004
0.0003
0.0003
0.0003
0.0003
0.0003
0.0003

(31 p-value
0.00
0.00
0.00
0.00
0.00
0.00
0.0310

interpretation of the examined events.

5.4

Discussion

The first observations of satellite-detected phytoplankton photophysiology around the
time of the spring chlorophyll maximum presented here focused on the northern region of
the North Atlantic basin where restratification processes have long been believed to drive
bloom initiation (Sverdrup, 1953; Longhurst, 2007). Fluorescence measurements of (psat
offered evidence of photoacclimation closely aligned with mixed layer shoaling in immediate
advance of biomass increases at five shelf sea and six open ocean locations (Table 5.1). As
nutrients were abundant in these waters during late winter and early spring preceding the
bloom, it was presumed that nutrient limitations were not a major contributing factor to
(pSat fluctuations.
Springtime shoaling of the mixed layer was not typically a steady transition, but rather
punctuated by mixing events stimulated by the passage of weather systems. The frequency
and intensity of these events varied from year to year with the shifting of storm tracks
and modes of atmospheric circulation. Enhanced storminess and the subsequent increase
in vertical mixing could increase the amplitude of the spring phytoplankton bloom through
enhanced nutrient supply, or retard it due to light limitation (Dutkiewicz et. al., 2001).
Nonetheless, most years at all 11 locations exhibited temporally-related dynamics (Figures
5-2, 5-3 and 5-10 - 5-18). Wrhen examined basin-wide, pre-bloom <psat peaks were observed
concurrent with the spring chlorophyll maximum at ~30 - 35% of locations in each of seven
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Figure 5-9: (31 coefficients resulting from logistic regression analysis of annual time lags
between YDchiMax a n d YD^Peak- Negative (31 terms indicated that the relative probability
of a oSat peak decreased with greater time before the Chl s a t peak.
studied years. Peaks eight days prior occurred at ~ 2 3 % of pixels and slightly less often for
16-day time lags.
Over the large regions of the North Atlantic basin examined here, bloom dynamics illustrated the local balance between entrainment of nutrients and retention of phytoplankton
in the upper-most sunlit layers, both of which depended on vertical mixing. Other influences, such as pre-bloom algal community composition, nitrogen fixation, lateral advection, mesoscale motion or local meteorological patterns, may have had a significant impact.
These processes must have been active to some degree, introducing sources of variability
uncoordinated with upper ocean mixing or light dynamics. Considerable regional variability was observed in the time difference between YDchlMax and YD<j,peak, perhaps due to
local and/or interannual dominance by the abovementioned processes in complement with
lg

fluctuations.

Dissecting the nuances of complicated, time-sensitive relationships on the

basis of satellite data alone was not feasible nor the objective here.
The southern portion of the North Atlantic (<35°N) was not included in this analysis for
<psat data quality reasons, but also because phytoplankton populations in the subtropical
gyres and equatorial regions tend to be limited less by available light than by nutrients
(Longhurst, 2007). Seasonal blooms in southern areas occurred during the winter months
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as surface nutrient supplies were replenished through mixing and eddy activity; as such,
phytoplankton physiological dynamics around bloom events followed a different regime not
driven by variations in Ig.
Focused on the phytoplankton biomass increase as a concise event, this investigation
considered only the photoacclimation dynamics around the time of the chlorophyll maximum, or peak of the bloom, not the entire bloom from initiation through decline. Recent
work by Behrenfeld (2010) suggested that the spring bloom as defined by net population
growth rate began mid-winter when mixed layer depths were maximum; were the analysis
presented here conducted for the time of bloom onset as defined in his Dilution-Recoupling
model, it is unlikely that the same type of photoacclimation patterns would be observed
as Ig does not increase during this period. However, it is important to note that photophysiological changes concurrent with shoaling of the mixed layer, which appear to align
with Sverdrup's (1953) hypothesis regarding spring bloom initiation, do not exclude the
possibility that the interval of net growth commences earlier than historically believed.

5.5

Conclusions and Extensions

The occurrence of a transient (psat peak closely prior to or concurrent with the spring
Chl s a i maximum was ubiquitous throughout the region of interest when examined with 8day composites. The timing and magnitude of <psat peaks varied, but such increases were
present in nearly every year at 11 study sites; furthermore, spatial assessments revealed
similar events on a pixel basis over the seven year archive.

A more complex sequence

of mathematical analyses will be required to quantify and/or describe this phenomena in
greater detail on a fine spatial scale. For example, definitive <psat peak identification can be
challenging - examination of the annual event plots finds tremendous variability in shape,
magnitude and timing - and certainly in some cases individual pixel pre-bloom 4>sat increases
were not properly captured.
In order to effectively study a transient event, such as the spring phytoplankton bloom,
in the highly dynamic system upper ocean environment, data of fine temporal resolution is
essential. Morrison's (unpublished) examination of data from the western GoM suggested
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that a time lag of four to seven days between <psat and Chl s a t peaks was reasonable for that
ecosystem. 8-day MODIS composites offered insights into the physiological and productivity
patterns present, but did not provide the desired level of detail to isolate events of only a
few days in duration nor precisely determine the time lag of interest. For example, those
years in which the (psat peak occurred concurrent with the chlorophyll maximum may have
had timing offsets less than one week in length obscured by the 8-day compositing process.
Unfortunately, 3-day composite and daily MODIS data exhibited poor coverage across the
North Atlantic due to cloudiness at this time of year, thus were not a consistently better
option (data not shown). Furthermore, MLD maps were not available on shorter than 8-day
time intervals. Future geostationary ocean color satellites present one possible solution to
this challenge, as they will gather data about the same portion of the world's oceans multiple
times each day; this resource would not only improve data coverage but also offer a glimpse
into shorter-term phytoplankton photophysiological responses and diurnal patterns.
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Figure 5-10: 60N 8-day event-based Chl s a i (mg m 3 ) , <p,at, MLD (m) and Ig (fi mol photons m 2 s T) for seven years and the
climatology. All subplots show three 8-day intervals before and after the spring chlorophyll maximum. Legend applies to all subplots.
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F i g u r e 5-12: SOW 8-day event-based Chl sa ( (mg m 3 ) , (psat, MLD (m) and Ig (fi mol photons m 2 s ] ) for seven years and the
climatology. All subplots show three 8-day intervals before and after the spring chlorophyll maximum. Legend applies to all subplots.
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Figure 5-13: 30W 8-day event-based Chl s a i (mg m 3 ) , (psat, MLD (m) and Ig (fi mol photons m 2 s 1) for seven years and the
climatology. All subplots show three 8-day intervals before and after the spring chlorophyll maximum. Legend applies to all subplots.
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Figure 5-14: 20W 8-day event-based Chlsat (mg m
for seven years and the
»sal, MLD (m) and Ig (/i mol photons m
climatology. All subplots show three 8-day intervals before and after the spring chlorophyll maximum. Legend applies to all subplots.
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Figure 5-17: North Sea 8-day event-based Chl sa t (mg m 3 ) , (psat, MLD (m) and I g (ft mol photons m 2 s 1 ) for seven years and the
climatology. All subplots show three 8-day intervals before and after the spring chlorophyll maximum. Legend applies to all subplots.
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F i g u r e 5-18: Celtic Sea 8-day event-based Chlsat (mg m 3 ) , (psat, MLD (m) and Ig (fi mol photons m 2 s l) for seven years and the
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CHAPTER 6
CONCLUSION
While satellite measurements of chlorophyll show where phytoplankton growth has occurred, they hold minimal direct information about the organisms' photosynthetic capabilities. Remote sensing-derived <psat allowed monitoring of phytoplankton photophysiology
from space. As such, the work described in this thesis has the potential to help reduce uncertainty in current primary production estimates and inform future generations of ecosystem
models and ocean color algorithms. Furthermore, it supports the research objectives of new
and upcoming space-based global observations and analyses that hope to better understand
the processes and implications of short- and long-term change in the world's oceans.
Derived as outlined in Chapter Two, the novel 6sat product at the core of this research
incorporated MODIS/Aqua nFLH and Chl s a t data from seven years (2003 - 2009).

A

correction for the pigment packaging effect, recognized as influencing absorption of light
by phytoplankton of varying cell sizes, was included. Data were examined at eleven study
sites, five in the northwest and northeast Atlantic shelf seas and six across the open ocean,
all north of 35° N and together covering the range of hydrographic and ecological conditions
present in this portion of the basin. This work was the first investigation of a multi-year
monthly and 8-day composite <psat record at both site-specific and large spatial scales.
Chapter Three explored climatological annual cycles of monthly (psat throughout the
northern North Atlantic. The dominant pattern of seasonal change showed highest <psat
values during late autumn and winter months, a gradual decline to mid-summer minima,
and increasing magnitudes into autumn.

At most sites, the summer-autumn transition

was steeper than that from winter-spring; in areas exhibiting strong spring phytoplankton
blooms, a slight increase during early spring was also noted in some years. Spatial comparisons of continental shelf and open ocean waters found differences in (psat magnitude during
all seasons, the latter consistently greater, although overall cycles were similar. Annual (psat
patterns were strongly aligned with changes in both iPAR and Ig; strong influences of iron
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or macronutrient stress or variations in phytoplankton community composition were not
observed.
Expanding upon the findings of Chapter Three and capitalizing on the availability of a
multi-year MODIS/Aqua nFLH record, Chapter Four investigated interannual variability
of (pSat at the same suite of eleven locations throughout the study region. Differences in
(psat magnitude and the timing of seasonal changes were observed from year to year but
the overall annual cycle was repeatedly seen at all sites. Greater interannual variability
was noted during late autumn and winter months (times of (psat maxima) when compared
to summer months (low (psat values). Interestingly, winter (psat levels in the open ocean
exhibited a shift in magnitude over the time series, with higher values during the first three
years and lower the last four; concurrent changes in MLD or Ig were not found, nor was any
clear alignment with NAO index. Interannual (psat fluctuations were strongly influenced by
light conditions, as also noted in Chapter Three, but a simple relationship alone did not
explain the observed complex variability.
In order to assess how well this new product captured (psat changes on shorter time
scales, Chapter Five focused on transient photoacclimation events during the spring phytoplankton bloom period using 8-day composite data. A distinct, one to two week long
pre-chlorophyll maximum <psat increase was observed at all sites as well as ubiquitously
throughout the northern North Atlantic. (psat peaks concurrent with the chlorophyll maximum or eight days prior were more common than those sixteen days in advance of the bloom.
As sharp changes in water column stratification, and correspondingly Ig, occurred around
the same time period, these pre-bloom cpsat increases were interpreted as phytoplankton
shifting across photoacclimation states (described in the conceptual model of Morrison and
Goodwin (2010)). Interannual variability in the timing and magnitude of the pre-bloom <psat
peak was found, but the feature was present in all examined years. The 8-day composite
data contained many missing values, therefore must be applied with care; 3-day composites
were even less consistent and thus not employed here despite their more ideal time interval.
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6.1

Looking Forward

The novel (psat product introduced here was clearly promising but not without concerns;
as such, a number of areas for extension and related future efforts exist that may support
its integration into the larger suite of satellite-derived parameters and meaningful application to ongoing oceanographic research. The fluorescence signal captured in MODIS's
nFLH measurement is small relative to the rest of the water leaving radiance at nearby
wavelengths (Abbott and Letelier, 1999); best algorithm performance has been observed
in open ocean waters and when coastal chlorophyll concentrations are low, with validation
from field observations. If, at times of data collection, fluorescence quenching processes
are near their maximum, the measurable signal is even less than it might be under lower
irradiances. Uncertainties in nFLH and (psat may be increased around mid-day for this
reason, although without satellite data from different times of day it would be impossible
to assess the magnitude of this effect.

Under the MODIS-monitored light environment,

(psat was controlled mainly by NPQ. Unless data for natural phytoplankton communities
is obtained during a wider variety of light intensities, it will be challenging to develop
a better understanding of the relative influences of NPQ versus other photoacclimation
processes. Furthermore, should future work endeavor to better quantify the relationship
between (psat and iron stress, as in Behrenfeld et. al. (2009). a more refined and nuanced,
globally-applicable NPQ correction will be necessary.
Preliminary - and extremely limited - validation efforts for this (psat product illustrated
that satellite technology, data acquisition and innovative processing approaches were currently progressing far faster than field oceanographic techniques and sampling campaigns.
Numerous and geographically-varied measurements of SICF concurrent with the time of
satellite passage would be needed to validate 6sat in a similar manner to other ocean color
products; only one comparable dataset was identified during the process of this work, which
aimed to derive (psat from field radiometry in a manner similar to that used for satellite observations. Alternative approaches to validation may yield greater quantities of suitable
data from a wider range of locations. In order to understand components of NPQ and <psatirradiance relationships, continuous in situ observations throughout the day at the correct
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suite of wavelengths wrould be required. Neither dataset presently exists in any form, making
matchups or robust comparisons impossible. As (psat inherently included errors from

Fsat,

<&ph > packaging curve estimates and iPAR, as well as variability in ChlSQ(. it was, in fact,
notable that the resulting maps appeared coherent, seasonally reasonable and consistent
with larger known physiological patterns.
Fundamentally, any explanation for relationships between the physiological status of
phytoplankton and satellite-derived (psat must invoke forcing connections among environmental factors, photoacclimational state, and quenching processes that vary as a function
of incident irradiance. Little is known about these mechanisms for natural assemblages of
phytoplankton, thus interpretations must be made with caution. Studies designed to further
our understanding of (psat variability with respect to light exposure and history, nutrient
limitations and quenching mechanisms on physiologically-relevant time scales will be important future steps; as the vast majority of previous such experiments considered one or more
individual species under contrived lab conditions, innovative approaches will be necessary
in order to reach new and directly applicable conclusions. Results from such investigations
may be used to improve models of and algorithm corrections for these processes and address
questions of taxonomic differences.
Recent publications addressing measures of phytoplankton physiology and applications
of such data have emphasized areas that require further study or refinement before more
detailed quantitative analyses are possible. Schallenberg et. al. (2008) concluded by reminding the reader that (psat can vary by a factor of five or more on time scales of days to
weeks. With coverage provided by polar orbiting satellites only every one to two days at best
- more likely 8-day composites - these fluctuations cannot reliably be documented, let alone
those variations on shorter time scales that may occur. Behrenfeld et. al. (2009) likewise
noted that a number of controlling forces that impact 6sat exhibit transient episodes that
current satellite technologies are unable to capture. A lack of global scale, time-resolved
data for other parameters involved in (p6at dynamics make interpretations less certain. For
example, MLD dynamics play a critical role in determining the ambient light field experienced by a phytoplankton: however, validated and comprehensive multi-year MLD data at
shorter than 8-day intervals is not available. Currently, models and climatologies are being
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used, though neither offers sufficient spatial detail nor temporal resolution and match-ups
with satellite passes are difficult.

Nutrient concentrations and improved light estimates

would also benefit this work.
Further investigation into the observed hydrographic and/or geographic differences in
physiological regime and responses would prove interesting. Study site 40N, an ideal case
study, exhibited an annual cycle that, when examined month-by-month trended like all
others but when considered with respect to light travelled in a reverse direction (most had
higher <psat values during the summer-autumn transition but at 40N winter-spring magnitudes were greater). As no other sites were investigated at the same latitude or within the
Gulf Stream eddy field, it was not possible to determine if the observed differences were
simply a local phenomena or a regional shift in photophysiological behavior. One hypothesis
was that site 40N was representative of a region in which q/ under high light conditions
becomes dominant earlier in the year than at more northerly locations, depressing summer
(psat values substantially. This might mark a dramatic transition in physiological regimes
but more work needs to be conducted in order to understand such dynamics. Likewise, a
preliminary look at annual <psaf patterns in the South Atlantic, North and South Pacific
basins found similar cycles to those noted in the North Atlantic but several distinct differences that were not explored further. Reducing known issues with input parameters, such
as nFLH, will enable both generation of this product with high quality global coverage and
more detailed studies of spatial dynamics.
Finally, clear differences between <psat magnitudes in the open ocean and shelf sea regions
of the northern North Atlantic were observed in this work. Prior to delving further into the
potential forcing factor differences resulting in these patterns, the possible role of chlorophyll algorithm choice should be examined. This thesis utilized the standard MODIS/Aqua
Chl s a t product, calculated by NASA's OBPG using an empirical, wavelength ratio algorithm (OC3). OC3 utilizes reflectances from green and blue wavelengths, only determines a
chlorophyll concentration, and does not account for the presence or optical behavior of other
in-water constituents; well-suited to open ocean waters, OC3 may not be ideal for coastal
regions where particulates and CDOM are more abundant.

In the empirical algorithm,

higher CDOM results in elevated Chl s a t values, thus reducing cpsat- A different algorithm,
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such as one with a semi-analytical approach that employs spectral matching of satellite
data to simultaneously retrieve information on particulate backscattering, phytoplankton
pigment absorption and CDOM absorption, may yield more accurate (psat values for the
shelf seas following improved Chlsat estimates. Several such Chlsat parameters are available
from NASA as trial products, including those based on the Garver-Siegel-Maritorena-2001
(GSM01) and Quasi-Analytical Algorithms (Maritorena et. al., 2002; Lee et. al., 2004).

6.2

Additional Satellite Data Sources

Aqua, a sun-synchronous satellite, observes any given latitude at the same solar time
during each orbital pass throughout all seasons of the year. As measurements are obtained at
the same time in their daily cycle, these observations remove the effects of diurnal variability
from the parameter of interest. Furthermore, the angle between the orbital plane and the
sun remains constant, resulting in consistent lighting conditions on the measured surfaces
which facilitates the combination of multiple data swaths into cohesive mosaics for regional
and global investigations. Inherent limitations of sun-synchronous orbits include the fact
that continuous temporal observation is not possible with only one satellite.

Likewise,

once-daily radiometer measurements are the best possible scenario for most equatorial and
temperate locations, though clouds cause reductions in the practical sampling frequency;
higher frequency events and variability simply cannot be resolved. The implications of this
orbit to phytoplankton physiological investigations have been discussed earlier.
One potentially valuable resource into the future will be the European Space Agency's
Medium Resolution Imaging Spectrometer (MERIS, onboard the polar orbiting EN VIS AT
Earth Observation Satellite; http://envisat.esa.int/instruments/meris/) and its suite of
ocean color data products. MERIS has fifteen programmable spectral bands between 390 1040 nm capable of collecting data at two spatial resolutions (300 and 1200 m, on-ground).
Although a rigorous comparison between MODIS/Aqua-generated (psat and the MERISderived equivalent was beyond the scope of this project, MERIS offered an independent
measure of chlorophyll fluorescence that may not suffer the same issues as MODIS nFLH
and might thus be applied to address known concerns. Furthermore, a MERIS (psat dataset
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coLild serve as a means of comparison and validation, particularly for seasonal and annual
dynamics or regional patterns, in the more immediate future than as-yet-unplanned field
programs. In order to move forward with such an effort, the challenge of obtaining data from
the European Space Agency for relevant portions of the world's oceans, certainly including
the problematic mid-latitudes, must be overcome.
In contrast to most current ocean color satellites, future NASA plans include the Geostationary Coastal and Air Pollution Events (GEO-CAPE) mission, optimistically intended
for launch after 2015 at a proposed longitude near 80°WT (Campbell and Fishman, 2008).
With a geosynchronous orbit, this satellite will always hold the same longitudinal position
(Martin, 2004) and offer nearly continuous time sampling over its designated portion of the
Earth's surface. A geostationary satellite is permanently visible from within its coverage
area which allows for constant communications and data download, thus enabling observations as often as technologically possible (on the order of every several minutes to an hour,
depending on the entire instrument package) (Martin, 2004; Davis and Abbott, 2005). This
repetition rate facilitates monitoring of rapidly-evolving events or changing conditions; even
more significant for investigations of biological oceanography and phytoplankton physiology, data can be gathered throughout the day under all types of light conditions (Legeckis
et. al., 2002; Campbell and Fishman, 2008). The GEO-CAPE mission's purposes include
examining the dynamics of coastal ecosystems with an emphasis on the influences of humans
and climate change. Of particular interest for ocean color research are two planned instruments, the UV-visible-near-IR wide-area imaging spectrometer (7 km nadir pixel; capable
of mapping North and South America from 45°S to 50°N at about hourly intervals) and the
steerable high-spatial-resolution (250 m) event-imaging spectrometer with a 300 km field of
view (Campbell and Fishman, 2008). With improved spatial and spectral resolutions, these
instruments will bring more advanced technologies to studies of optically complex coastal
and estuarine waters, as well as offering increased detail in offshore regions.
Specific to research questions in marine ecosystem science, geostationary satellites have
numerous potential benefits, the harnessing and application of which will offer exciting new
opportunities in ocean color. Although the geostationary perspective will prove particularly useful for science questions focused on the dynamic coastal ocean where the scales of
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variability are less than those for the open ocean, ecological and biogeochemical studies in
offshore regions also have much to gain. Repeat daily coverage will permit investigation
of important short-term dynamic marine and atmospheric processes while increasing the
likelihood and number of cloud-free images. Better temporal coverage will further improve
the match-ups between satellite observations and time scales used in models. Those biological processes that exhibit diurnal cycles or fluctuations on time scales shorter than
what has been reasonable achievable with polar orbiting satellites will now be accessible.
In order to better assess primary production on the basis of chlorophyll concentration and
physiological characteristics, data from throughout the day are necessary. It will be critical
that future geostationary ocean color sensors have sufficient spectral resolution to resolve
the chlorophyll fluorescence peak, as well as information about phytoplankton functional
types, particle sizes and other related optical variables.
With respect to the 6sat research presented here, by covering the daily spectrum of light
conditions, the diel variability in fluorescence and photoacclimation that is inherently lost
by polar orbiters will be captured. Specifically, this additional data would permit more detailed studies into the dynamics of and balance between various P Q and NPQ mechanisms
in natural phytoplankton populations; optimistically, the influences of daily and seasonal
variations in light conditions, as well as changes in community assemblage and photoadaptation state, could be assessed. Improved quantification of parameters such as particle size
distributions and their effect on in-water light scattering and the surface concentration of
CDOM may advance those algorithms and corrections that in turn affect the magnitude
and quality of detected nFLH despite the fact that the influence of these factors on the overall nFLH signal is small when compared to the effects of variable chlorophyll fluorescence
efficiency and atmospheric constituents. Geostationary technology also offers the opportunity to more effectively merge field and satellite approximations of MLD in meaningful
ways, hopefully improving estimates of photoacclimation light levels and their variability.
Research utilizing (psat as an indicator of phytoplankton physiology stands to benefit from
technology such as GEO-CAPE in many ways, but most so if the sensor design and ocean
color program implementation are conducted with care.
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